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THE  IMPACT  MODULATOR 


Bjorn  G.  BJornaen^ 
Research  and  Development  Division 
Johnson  Service  Company 
Milwaukee^  Wisconsin 


Abstract 

The  paper  explains  how  the  familiar  mechanical  motion-balance 
concept  has  been  applied  to  the  design  of  a  new  basic  pure  fluid 
component  called  the  Impact  Modulator*.  Two  design  versions  called 
the  Transverse  Impact  Modulator  and  the  Direct  Impact  Modulator  are 
discussed  In  regard  to  pressure  and  flow  gains. 

The  output  signals  can  be  above  and/or  below  standard  atmosphere, 
i.e.  positive  and/or  negative  output  flows  and  pressures  are  possible. 

The  DIM  Incorporates  a  unique  input  signal  method*  which  not  only 
can  accept  positive  and/or  negative  signals  In  the  above  sense,  but 
also  has  a  very  high  Input  Impedance,  approaching  Infinity,  which 
Increases  Its  sensitivity  and  reduces  several  loading  problems  as 
exemplified  by  the  cascading  of  two  DIM  yielding  a  pressure  gain  of 
approximately  BOOOjI  and  a  starting  input  pressure  of  0.00125  paig* 


^Patent  applied  for  by  Johnson  Service  Company 

^Senior  Research  Engineer,  Johnson  Service  Company,  Milwaukee, 
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THE  IMPACT  MODULATOR 
Bjorn  G.  Bjornaen^ 

Research  and  Development  Division 
Johnson  Service  Company 
Milwaukee,  V/isconsin 

Pure  fluid  devices  and  circuits  can  duplicate  many  of  the 
achievements  of  electronic  devices  and  circuits.  Fluid  flow,  however, 
and  the  effect  of  fluid  phenomena,  are  mechanical  in  nature  and  the 
mechanical  principles  which  must  be  adapted  and  employed  in  the  design 
of  pure  fluid  instruments  have  limited  their  analog. 

Besides  the  inherent  slower  response  of  pure  fluid  devices, 
insufficient  pressure  and  flow  gains,  low  signal  to  noise  ratio,  and 
low  input  impedance,  are  common  limitations,  the  latter  being  in  the 
author's  opinion  the  most  serious.  Low  input  Impedance  lowers  the 
sensitivity  and  prevents  the  attainment  of  high  gains  by  the  cascad¬ 
ing  of  units. 

The  following  Isa  discussion  of  how  the  adaption  of  a  common 
mechanical  Instrument  design  principle,  yields  a  pure  fluid  device 
which  combines  high  pressure  and  flow  gain,  l.e.  power  gain,  with  a 
high  input  impedance  approaching  infinity. 

The  basic  principles  of  mechanical  instrument  design  are  force 
balance  and  notion  balance*.  Both  are  essentially  the  same,  except 
the  force  balance  system  measures  relative  force  changes,  while  the 
motion  balance  system  measures  a  required  change  in  force  balance 
position  following  a  relative  force  change. 


^Senior  Research  Engineer,  Johnson  Service  Company,  Milwaukee, 
Wisconsin 
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When  a  fluid  Jet  Issues  into  ambient  fluids  the  conmion  assumption 
Is  made  that  the  Jet's  total  momentum  flux  remains  constant  In  the 
downstream  direction,  [ll*  Then^  because  of  fluid  entrainment  and 
the  decrease  In  Jet  velocity  downstream,  It  follows  that  the  momentum 
flux  density  decreases  with  Increasing  distance  from  the  emitting 
nozzle. 

If  we  measure,  therefore,  the  Jet  strength  by  Integrating  Its 
momentum  flux  over  a  finite  area,  [2]  the  force  becomes  a  function 
of  the  downstream  position  of  the  Integrating  area. 

Such  an  "integration"  Is  Illustrated  In  Figure  1  where  the 
compression  of  the  spring  Is  a  measure  of  the  force  on  the  finite 
area. 

The  system  In  Figure  1  Is  also  a  motion  balance  system.  For  any 
change  In  Jet  strength,  the  area  will  move  In  the  axial  direction  until 
a  now  position  Is  reached  where  the  Jet  force  on  the  finite  area  and 
the  spring  force  again  are  In  equilibrium,  l.o.,  a  stable  system. 

Figure  2  Illustrates  a  pure  fluid  motion-balance  system 
established  by  the  direct  Impact  of  two  fluid  Jets.  The  motion  Is 
the  axial  movement  of  the  resulting  radial  Jet,  and  the  gain  la  the 
total  movement  per  unit  relative  change  in  momentum  flux  density. 

It  may  well  bo,  as  Is  the  case  when  two  Jet  "cores"  Impact  that 
the  movement  required  to  find  a  balance  position  Is  In  excess  of 
nozzle  separation.  Even  for  two  identical  Jets  Impacting  In  this 
manner,  the  equilibrium  position  Is  indeterminate  [2]  In  contrast 
to  a  mechanical  force  balance  system  whore  it  is  established  by  the 
fixed  space  coordinates  of  the  forces. 

^References  are  shewn  at  the  end  of  this  paper. 
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The  movement  of  the  radial  jet  can  be  measured  by  a  pitot  tube 
located  transverse  to  the  common  axis  of  the  Impacting  jets.  Then 
by  varying  one  of  the  jet  supply  pressures,  the  radial  jet  moves 
past  the  pitot  tube,  and  the  resulting  velocity  profile  can  be 
recorded.* 

Figure  3  shows  such  recordings  for  four  different  distances 
between  the  nozzles.  One  pressure  Is  maintained  at  l5  pslg  with  the 
probe  equldlatanv:  from  the  nozzle  openings.  The  greatest  distance 
used  la  roughly  15  jat  noxzle  diameters.  The  broadest  profile 
corresponds,  according  to  the  discussion  above,  to  the  smallest  gain. 

The  movement  of  the  balance  position,  l.e.,  the  radial  jet.  Is 
illustrated  by  the  recordings  In  Figure  k>  Here  the  distance  between 
the  jet  nozzles  is  kept  fixed  while  the  pitot  tube  moves  in  the  axial 
direction  locating  the  position  of  the  radial  jet  for  various  supply 
pressure  combinations.  How  the  radial  jet  has  occupied  various 
positions  between  the  two  nozzles  can  be  seen  In  Figure  I4.. 

The  transverse  pitot  tube  method  of  sensing  the  radial  jet 
motion  does  not  suffice  when  flow  in  addition  to  pressure  output 
is  required.  A  ''radial"  pitot  tube  consisting  of  a  mechanical  cavity 
with  two  axially  aligned  orifices  may  be  used.  Such  a  sensing  scheme 
allows  a  360®  collection  whereby  greater  flows  can  be  obtained. 

A  "radial"  pitot  tube  method  for  collection  of  the  radial  Jet 
Is  illustrated  In  Figure  5  where  one  of  the  axially  aligned  orifices 
serves  as  the  emitting  nozzle  for  one  of  the  Impacting  jets. 

*^11  accompanlng  recordings  have  been  obtained  using  air  at  room 
temperature. 
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The  arrangement  shown  in  Figure  5  yields  various  Input -output 
characteristics  depending  upon  which  Jet  supply  pressure  Is  designated 
the  Input,  thus  determining  whether  the  Impact  Jot  moves  Into  or 
out  of  the  output  cavity  for  Increasing  Input  values. 

Figure  6  shows  direct,  l.o.,  positively  sloped  input-output 
pressure  characteristics.  The  direct  characteristics  are  obtained 
by  keeping  the  upstream  pressure  of  the  Jet  emerging  Into  the  output 
cavity  constant,  while  that  of  the  other,  being  the  input,  Increases 
and  forces  the  radial  Jet  from  the  outside  Into  the  output.  Increasing 
this  pressure  accordingly. 

A  reverse  acting  characteristic,  shown  in  Figure  7»  la  obtained  by 
letting  the  Jet  supply  pressure  associated  with  the  output  cavity  be 
the  Input.  The  other  supply  pressure  Is  maintained  at  a  value  which, 
relative  to  the  3tartlng  pressure  of  the  Input,  yields  an  Impact 
position  within  the  output  cavity.  Then  as  the  Input  Increases,  the 
radial  Jet  moves  out  with  corresponding  decrease  In  output  pressure. 

Depending  upon  physical  design  and  supply  pressure  values, 
aspiration  may  occur.  Hence  minimum  output  pressures  range  In  values 
from  leas  than  atmosphere  to  more  than  atmosphere.  The  particular 
examples  In  Figures  6  and  7  are  seen  to  have  minimum  output  pressures 
below  atmosphere. 

In  the  discussion  above  It  has  been  shown  how  the  concept  of 
mechanical  motion  balance  has  been  applied  to  pure  fluid  Instmmentatlon. 
A  particular  application,  shown  in  Figures  6  and  7»  yields  relatively 
high  gains  which  alone  may  serve  as  a  pure  fluid  amplifying  unit 
whenever  the  low  sensitivity  Is  not  prohibitive.  The  low  sensitivity, 
l.e.,  the  high  level  around  which  the  Input  has  to  vary,  la  Introduced 
by  using  one  of  the  power  supplies  as  an  Input  signal. 
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The  syateiD  llluatratod  In  Figure  5  constitutes  a  "power 
amplification  unit"  to  which  one  or  several  "input  systems"  can  be 
added  to  facilitate  local  and/or  total  momentum  flux  changes. 

In  one  simple  Impact  Modulator*  design  shown  In  Figure  6,  the 
Input  signal  consists  of  a  third  Jet  which  Intercepts  and  deflects 
one  of  the  Impacting  power  Jets  which  now  are  maintained  at  constant 
supply  pressures.  Relative  to  the  direction  of  the  undeflected  Jet 
from  the  output  side,  Its  total  strength  and  flux  density  Is  reduced, 
with  the  result  that  the  output  signal  decreases  from  Its  Initial 
value.  Thus  for  an  Increase  In  Input  signal,  a  corresponding  reduction 
In  output  signal  results,  yielding  a  negative  gain  device. 

In  Figures  9a  and  9h  two  typical  characteristics  Illustrate  the 
flexibility  of  the  design.  Since  the  initial  output  pressure  is 
determined  by  the  relative  magnitude  of  the  power  Jets,  It  Is  possible, 
as  In  Figure  9b,  to  select  zero  pslg  as  the  Initial  output.  This 
then  results  In  a  negative  gain,  negative  output  characteristic. 
(Negative  input  values  are  obviously  not  practical  In  this  design.) 

The  sensitivity  Is  high,  but  the  Input  Impedance  has  a  fixed 
value  which  depends  upon  the  physical  dimension  of  the  Input  nozzle, 
and  the  Input  power  required  for  stream  deflections  limits  the 
sensitivity. 

How  the  finite  Input  Impedance  affects  Its  application  Is  amply 
discussed  In  reference  [3i* 


•Patent  applied  for  by  Johnson  Service  Company 
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In  the  more  advanced  Impact  Modulator*  design,  shown  in  Figure  10, 
a  second  orifice  has  been  added.  The  Input  signal  Is  Introduced  Into 
the  new  cavity,  creating  several  advantages  such  ns  higher  Input 
Impedance  and  greater  sensitivity,  together  with  the  possibility  of 
employing  negative  and/or  positive  Input  signals. 

Due  to  the  "symmetric"  design  of  the  modulator,  the  following 
nomenclature  has  been  Introduced.  The  power  signals  are  designated 
^  by  capital  letters,  and  the  Input  and  output  signals  by  lower  case. 

■  Subscripts  1  and  2  refer  to  Inpjt  and  output  sides  respectively, 
j  The  orifices  located  concentrically  to  the  Impacting  Jets  are  called 
Input  and  output  control  orifices,  and  the  corresponding  cavities  for 
Input  and  output  control  spaces.  The  region  outside  the  control 
4  spaces  Is  called  the  reference  and  la  normally  kept  at  atmospheric 
pressure. 

The  former  design  shown  In  Figure  6,  has  been  called  the  Transverse 
Impact  Modulator  (TIM),  where  "transverse"  refers  to  the  method  of 
momentum  flux  modulation.  The  advanced  design  shown  In  Figure  10, 
has  for  a  similar  reason  regarding  the  method  of  momentum  flux 
modulation,  been  called  the  Direct  Impact  Modulator  (DIM). 

A  complete  analysis  of  the  Input  control-space  and  orifice 
functions  cannot  be  given  at  this  time,  but  an  appreciation  of  the 
problem  and  Its  complexity  can  be  obtained  from  the  following 
discussion.  [I4.I  . 

•  If  the  Input  pressure  Is  equal  to  or  less  than  0.526  of  the 

power  Jet  supply  pressure  P^,  the  supply  flow  la  choked  at  the  exit 

of  the (power  Jet)  nozzle  wherefrom  the  Jet  begins  to  expand, 
i 

(  I  ,  -  -  ■■■■  ■■ 

•Patent  applied  for  by  Johnson  Service  Company 
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If  the  Input  pressure  is  greater  than  0.328  the  exit  supply 
nozzle  pressure  equals  the  Input.  If  there  Is  a  negative  pressure 
gradient  through  the  Input  control  orifice  to  a  reference  pressure 
equal  to  or  loss  than  0.528  P^,  the  power  Jot  continues  to  converge 
downstream  from  the  power  Jot  nozzle  to  a  position  In  the  Input 
control  where  the  static  pressure  equals  0.528  P^  from  whore  the  Jot 
starts  to  expand. 

Depending  upon  Jot  nozzle  and  control  orifice  dimensions, 
together  with  the  relative  values  of  supply,  Input  and  reference 
pressures,  the  power  Jet  may  occupy  the  control  orifice  completely 
such  that  the  Input  flow  Is  zero  for  absolute  values  of  Input  pres¬ 
sures  above  or  below  the  reference.  The  Input  Impedance  la  then 
Infinite. 

In  addition  to  the  direct  Influence  of  Input  pressure  on  supply 
flow  condition  and,  thereby,  on  Jet  momentum  flux;  the  Input  flow 
and  pressure  controls  the  boundary  displacement  and  momentum  thick¬ 
ness  In  the  control  orifice.  Changes  In  said  "thicknesses"  alter 
the  control  orifice  coefficients  with  resulting  changes  In  Jet 
mementum  flow. 

When  the  power  Jet  only  partially  occupies  the  control  orifice, 
the  throat  for  the  Input  flow  Is  formed  by  the  annular  area  between 
the  orifice  wall  boundary  layer  and  the  Jet.  The  pressure  In  the 
control  orifice,  which  Is  the  static  pressure  of  the  Input  and  supply 
flow,  may  at  some  point  along  the  control  orifice  have  a  value  equal 
to  0.528  of  the  Input  pressure  value.  The  Input  flow  Is  then  choked 
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with  Its  throat  at  that  position.  Aa  th®  input  preaauro  changoa  and, 
theroby,  the  control  orlflca  preaauro  gradient  the  throat  can  move  to 
different  poaitlona  In  the  control  orifice.  A  plot  of  input  flow 
voraua  input  preaauro  for  auch  a  condition  haa  a  portion  with 
eaaentlally  zero  slope  as  shown  In  Figure  11.  Such  a  situation 
may  bo  associated  with  "zero”  conductance  because 

dw  w  =  mass  flow 

=0 

dp^  p  =  pressure 

although  the  absolute  conductance  la  not  zero.  By  proper  selection 
of  physical  dimensions  and  supply  pressure,  the  zero  slope  portion 
will  coincide  with  zero  flow  in  which  case  the  impedance  Is  Infinite 
aa  already  discussed. 

When  this  "direct"  method  of  flujc  modulation  is  used  In  the 
Impact  Modulator,  a  device  with  high  pressure  and  flow  gain  results 
without  the  use  of  stream  deflection.  Its  high  Input  Impedance  not 
only  Increases  the  sensitivity,  but  also  reduces  many  of  the  loading 
problems  of  pure  fluid  circuitry. 

The  Individual  performance  of  the  Direct  Impact  Modulator  Is 
well  illustrated  by  the  Input-output  pressure  characteristics  shown 
In  Figure  12.  Those  wore  obtained  by  first  selecting  the  supply 
pressure  on  the  Input  side  P^.  Keeping  the  Input  pressure  equal  to 

the  roforonco,  In  this  case  standard  atmospheric,  P  Is  Increased 

8 

until  the  output  roaches  the  same.  With  P  fixed  at  this  value  the 

a 

output  pressure  will  Increase  with  Increasing  Input  pressure. 

Figure  13  Illustrates  the  flow  gain  of  the  same  modulator. 


13 


Cascading  two  Direct  Impact  Modulators  resulted  In  a  gain  of 
approximately  8000j1  as  shown  In  Figure  14  which  also  Illustrates 
the  high  sensitivity,  by  a  starting  point  of  approximately  0.00125 
pslg. 

In  our  work,  we  have  for  the  moat  part,  employed  circular 
orifices  and  nozzles,  such  units  being  much  easier  to  manufacture. 

With  a  view  towards  circuit  application  wo  have  also  tried  to 
miniaturize  these  devices.  Figure  15  shows  a  photograph  of  two 
plastic  molded  Direct  Impact  Modulators. 

The  main  objective  has  boon  to  demonstrate  how  the  familiar 
mechanical  motion  balance  principle  has  been  applied  to  the  design 
of  new  pure  fluid  components,  and  how  this  principle,  together  with 
a  unique  Input  signal  method,  makes  output  modulation  possible  without 
having  to  employ  stream  deflection.  An  added  feature  of  this  method 
of  direct  flux  modulation.  In  addition  to  pressure  and  flow  gain. 

Is  the  high  Input  Impedance,  with  increased  sensitivity  and  reduced 
loading  problems. 

The  concepts  employed  do  not  require  any  mathematical  formulation. 
That  does  not  Imply  the  non-existence  of  analytical  problems,  however. 
Severe  difficulties  are  associated  with  the  detailed  analysis  and 
optimum  design  of  the  input  section  of  the  Direct  Impact  Modulator, 
the  output  section  being  equally  complex.  Experimental  verification 
of  analytical  results  Is  also  a  formidable  problem  when  dealing  with 
small  critical  dimensions  and  when  a  single  physical  parameter  cannot 
always  bo  varied  without  affecting  others. 
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Tho  results  of  our  effort,  recently  supported  by  our  contract 
with  the  Harry  Diamond  Laboratories,^  have  increased  our  conviction 
of  the  great  potentialities  of  the  Impact  Modulators. 


^Contract  No.  DA-i;9-l86-AMC-28( X) . 
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SOME  PROPERTIES  AND  APPLICATIONS  OF 


DIRECT  AND  TRANSVERSE  IMPACT  MODULATORS 

T.  J.  Lechner^  and  P.  H.  Sorenson* 

Research  and  Development  Division 
Johnson  Service  Company 
Milwaukee,  Vvisccnsin 

This  paper  describes  some  of  the  properties  and  applications  of 
a  unique  pure  fluid  amplifying  element  called  the  Impact  Modulator.^ 

A  brief  discussion  of  the  operating  principles  of  the  two  types  of 
modulators  (Direct  and  Transverse)  is  given,  but  a  more  complete 
description  is  given  in  another  paper,  "The  Impact  Modulator",  of 
this  symposium* 

The  compatibility  characteristics  of  these  devices  such  as  output 
impedance,  transfer  curves,  etc.,  are  presented.  These  characteristic 
curves  are  used  to  construct  a  four  stage  amjplifier  with  a  12,000:1 
pressure  gain.  This  amplifier  is  used  to  form  the  forward  loop  of  a 
pure  fluid  operational  amplifier.  The  performance  characteristics  such 
as  gain,  linearity,  offset  etc.,  of  this  amplifier  are  then  discussed, 
and  suggestions  for  Improvement  are  included. 

^Senior  Research  Engineer,  Johnson  Service  Com^pany,  Milwaukee,  Wlsccnaln 

^Associate  Research  Engineer,  Johnson  Service  Company,  Milwaukee, 
Wisconsin 

^Patent  applied  for  by  Johnson  Service  Company 

*"The  Impact  Modulator",  B.  G.  Bjornsen,  paper  presented  at  the  Fluid 
Amplification  symposium,  Washington,  D.C.,  Kay,  ISBU- 
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SOME  PROPERTIES  AND  APPLICATIONS  OF 

DIRECT  AND  TRANSVERSE  IMPACT  MODULATORS* 

T.  J.  Lechner^  and  P.  H.  Sorenson* 
Research  and  Development  Division 
Johnson  Service  Coripany 


I  Introduction 

The  Johnson  Service  Company  Research  and  Development  Division, 
under  the  sponsorship  of  the  Harry  Diamond  Laboratories,  has  for  the 
past  year  been  Involved  in  applied  research  in  order  to  develop  certain 
components  for  a  pure  fluid  operational  amplifier.  The  active  element 
considered  for  this  amplifier  design  is  the  Impact  modulator,  a  unique 
amplifying  element  conceived  at  Johnson  Service  Company  prior  to  this 
development  work.  This  paper  la  an  extension  of  another  paper  on 
this  program  [1],  and  is  Intended  to  show  the  desirable  performance 
characteristics  for  incorporation  of  the  Impact  modulator  into  pure 
fluid  systems. 

The  successful  coupling  of  pure  fluid  components  requires  a 
knowledge  of  both  the  input  and  output  characteristics  of  each 
component.  I'he  necessary  characteristics  sucb  as  Input  impedance, 
output  Impedance,  gain,  etc.)  associated  with  the  Impact  modulator 
performance  will  be  discussed  with  respect  to  both  the  direct  and 
transverse  methods  of  signaling.  ^n  evaluation  of  the  two  signaling 


*Thls  work  has  recently  been  supported  by  the  Harry  Diamond 
Laboratories,  Washington  25,  D.  C.  under  Contract  No.  DA-U9-l86-AMC-28(X) . 

^Senior  Research  Engineer,  Johnson  Service  Company,  Milwaukee, 

Wlsconsl n 

^Associate  Research  Engineer,  Johnson  Service  Company,  Milwaukee, 

Wisconsin 
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techniques  will  be  nade  whenever  possible  to  point  out  their  basic 
differences  in  operation.  The  characteristics  presented  here, 
differ  in  concept  from  other  pure  fluid  devices,  in  that  the  impact 
modulators  have  a  dual  supply,  which  Implies  a  combination  of  supply 
conditions  for  any  operating  point.  It  will  also  bo  shown  that 
because  of  the  two  supplies,  an  optimum  gain  exists  at  any  operating 
condition.  From  a  description  of  the  Impact  modulator  characteristics 
the  methods  necessary  to  design  an  effective  operational  amplifier 
circuit  will  be  presented 

II  General  Description  of  Impact  Modulators 

The  Impact  modulator  is  pure  fluid  amplifier  based  on  the  field 
balance  of  two  axially  opposed  fluid  jets.  The  resultant  flow  from 
this  balance  point  is  a  radial  flow  core  which  is  collected  as  the 
output  of  the  amplifier.  If  either  power  Jet  is  affected  so  as  to 
change  its  strength,  the  balance  point  will  move  and,  therefore, 
change  the  collected  pressure.  This  principle  has  manifested  itself 
in  two  types  of  fluid  amplifiers,  the  transverse  impact  modulator  and 
the  direct  impact  modulator.  [Ij 

The  transverse  Impact  modulator  (TIK)  is  a  negative  gain 
amplifier,  Figure  1.  It  is,  in  the  basic  design,  signaled  by  a 
round  jet  stream  whose  momentum  transversely  Impinges  on  a  power 
stream  of  higher  strength,  causing  the  latter  to  be  deflected.  This 
deflection  is  reflected  as  a  decrease  in  strength  of  that  power  jet 
at  the  balance  point,  causing  a  decrease  in  output.  The  no  load 
pressure  gain  of  these  units  is  generally  of  the  order-20  to  -100, 
while  the  full  load  flow  gains  are  of  the  order  -5  to  -30*  The 
input  to  output  Impedance  ratios  of  the  transverse  Impace  modulator 
are  usually  in  the  neighborhood  of  1:1  to  3‘-l* 
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The  direct  impact  modulator  (DIM)  la  a  positive  gain  amplifier, 
Figure  2.  It  la  a  devlee  In  which  the  impact  balance  point  la 
caused  to  move  by  the  application  of  a  pressure  signal  applied  around 
one  power  stream.  The  signal,  applied  at  the  exit  of  one  power 
nozzle  causes  a  change  In  the  downstream  momentum  or  momentum 
distribution  of  that  power  stream  thereby  chanping  the  location  of 
the  balance  point.  This  method  of  signaling  causes  no  deflection 
of  either  power  stream.  Pressure  gains  of  this  device  have  been  as 
high  as  200:1,  and  there  Is  no  reason  to  believe  this  to  be  a  limit. 
As  this  type  of  signaling  requires  only  a  pressure  signal  and  very 
little  power,  the  flow  gain  la  high. 

Ill  Performance  Characteristics 

The  performance  characteristics  describing  the  Impact  modulators 
are  all  of  a  dimension  higher  than  those  of  other  fluid  devices 
because  of  the  extra  supply  pressure.  For  example,  the  output 
characteristics  which  are  normally  presented  as  a  curve  of  output 
flow  versus  output  pressure  for  different  constant  input  pressures 
with  a  fixed  power  jet  pressure,  are  a  five  dimensional  space.  The 
output  characteristics  for  an  Impact  modulator  are  a  six  dimensional 
space  because  of  the  second  supply  pressure.  This  practically 
eliminates  the  possibility  of  achieving  enough  necessary  design 
Information  on  a  two  dimensional  graph.  For  this  reason  a  simplified 
version  of  describing  these  operating  characteristics  la  presented 
here. 
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A.  Output  Pressure-Supply  Curves 

The  (nulled)  output  pressure  supply  curves,  Figure  3»  are  simply 
the  output  pressure  plotted  versus  supply  pressure  with  the  second 
supply  fixed,  and  with  no  input  signal.  These  curves  are  somewhat 
analogous  to  pressure  recovery  curves  in  that  they  depict  the  maximum 
oitput  pressure  range  that  can  be  achieved  with  any  particular  supply 
pressures . 

If  one  wants  to  draw  an  analogy,  however,  the  supply  could  be 
functionally  compared  to  the  grid  bias  voltage  of  a  vacuum  tube,  in 
that  it  biases  the  output  flow  to  positive,  zero,  or  negative  values 
with  no  input  signal.  This  is,  therefore,  the  method  whereby  the 
modulator  la  biased  into  the  proper  output  range  in  a  manner  that 
most  favorably  suits  the  particular  load. 

'^he  characteristics  shown  in  Figure  3»  are  essentially  the  same 
for  both  the  direct  and  transverse  Impact  modulator  except  that  they 
usually  have  different  operating  points  (DIK  has  positive  gain  while 
the  TIM  has  negative  gain). 

The  difference  between  the  DIM  and  the  TIM  that  should  be  men¬ 
tioned  is  that  the  control  orifice  in  the  DIM  can  be  so  arranged  to 
provide  nonlinear  spacing  of  the  output  pressure- supply  curves  so 
that  in  these  regions  of  uneven  spacing  the  gain  can  be  much  higher 
than  in  the  symmetric  units.  It  might  also  be  pointed  out  that 
when  the  DIM's  are  operated  as  bistable  elements,  the  output 
pressure- supply  curves  are  hysteresis  loops 
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B.  Input  Impedance 

The  Input  Impedance  of  the  TIM  la  that  of  the  signal  orifice 
since  there  la  no  Interference  from  the  supply  or  power  Jot.'  The 
Input  Impedance  of  the  DIM  la  a  function  of  the  supply  ®nd  la 

usually  decades  higher  than  that  of  the  TIM.  In  fact  there  are 
Input  pressure  ranges  where  the  Input  Impedance  can  be  Infinite  or 
negative  depending  on  the  configuration  of  the  primary  supply  and 
control  orifices.  Further  Information  on  this  subject  can  be  found 
In  tne  paper  referenced  as  [ll.  Typical  Input  Impedance  curves  for 
both  types  of  modulators  are  shown  In  Figure  U- 

C.  Output  Impedance 

The  usual  output  Impedance  characteristic  curve  Is  a  plot  of 
output  flow  and  output  pressure,  taken  as  the  load  resistance  la 
varied  through  the  range  from  0  to  ®.  This  plot  Is  made  for  dif¬ 
ferent  constant  input  values  giving  one  page  of  curves  for  each 
supply  pressure.  These  cha rncteri ctl c a  for  the  Impact  modulators, 
however,  have  to  be  projected  Into  the  third  dimension  to  Include 
the  range  of  secondary  supply  pressures  (F^)  that  are  possible. 

This  extra  variable  does  Increase  the  complexity  of  design,  but  in 
return  It  allows  a  selection  of  supply  pressures  that  produce  the 
same  output  range,  making  It  a  more  versatile  component.  In  a  sense 
It  Is  the  same  as  a  unit  with  variable  geometry  that  can  be  adapted 
to  the  particular  load  that  It  must  drive.  Figure  5  shows  that  for 
a  particular  (constant  signal)  operating  point  (q^,  p^ )  there  la  a 
range  of  supply  pressures  that  satisfy  that  point.  The  Implication 

of  this  curve  Is  that  the  output  conductance  (Sq  /Sp  ),  can  be 

a  a 

regulated  by  choosing  different  supply  pressure  combinations.  It 
could  further  be  shown  that  this  Is  also  true  of  transconductance 

and  amplification  factor. 
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D.  Transfer  Curves 


Once  the  supply  pressures  nave  been  selected  and  the  output 
impedance  characteristic  curve  has  been  obtained,  another  graph  can 
be  formed  that  relates  the  input  pressure  to  the  output  pressure 
through  the  load  line.  This  graph  is  a  plot  of  the  output  flow 
versus  signal  pressure  for  constar^t  output  pressures  and  is  called 
the  static  transfer  curve.  Both  the  output  and  static  transfer 
curves  are  shown  in  Figure  6.  From  this  curve  the  t ransconduc tance 

{>a  /3p  )  can  be  measured. 

2  1 

E.  Cascading  Techniques 

In  order  to  describe  the  methods  of  cascading  these  devices, 
examples  Involving  the  TIK  will  be  used.  They  are  more  difficult  to 
match  because  of  the  fact  that  the  range  of  one  must  exactly  coincide 
with  the  Input  range  of  the  one  it  drives  in  order  to  assure  a  nulled 
output . 

When  two  modulators  are  to  be  cascaded  It  must  first  be  deter¬ 
mined  what  supply  settings  will  give  optimum  performance.  Then  the 

I 

conventional  dynamic  transfer  curves  can  be  found  to  determine  the 
gain,  distortion,  etc.  Figure  7  shows  the  (nulled)  output  pressure- 
supply  curves  of  a  typical  TIM  (modulator  A)  plotted  against  where 
the  lines  of  constant  p  Indicate  the  amount  of  signal  necessary  to 
drive  the  output  to  cutoff  from  any  zero  signal  setting.  If  the 
device  la  operated  from  the  maxlraums  of  the  p  curves  It  can  be 

seen  that  the  gain  of  the  unit  is  about  -36:1.  Figure  8  shows  the 
same  characteristics  of  a  different  TIM  (modulator  B)  loaded  with 
the  Input  of  modulator  A.  If  the  modulator  A  were  to  be  driven 
through  the  range  0-7.5  psl  by  modulator  B  then  the  supply  settings 
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of  the  two,  and  the  overall  signal  range  can  easily  be  found  from 
Figures  7  and  8.  From  Figure  7  knowing  that  the  maximum  output  of 
7.5  pal  la  desired,  It  can  be  seen  that  one  sot  of  near  optimal  values 
would  be. 

=  18.0  pslg 

Unit  A  P  =  13.0  pslg 

s 

Pic  ^ 

Realizing  that  the  maximum. signal  of  ^  must  correspond  to  the 
maximum  output  of  h  v,e  can,  through  Figure  8,  find: 


P^  =  0.75  pslg 

Unit  ®  P  =  0.55  pa  Ig 

a 

Pic  ^  ^*025  palg 


The  overall  pressure  gain  ( )  of  these  two  units  is  then 
approximated  by; 


0  = 
P 


(output  B) 
(Input  A) 


max  _  (• 


300 


Figure  9  shows  the  pressure  gain  of  this  combination.  It  can  also 
be  shown  that  these  are  the  optimal  values  of  supply  pressures  as 
far  as  overall  gain  Is  concerned.  The  next  step  In  the  process 
would  be  to  plot  the  dynamic  transfer  curves  for  the  combination 


to  determine  the  distortion,  exact  pressure  gain,  etc. 
IV  Operational  Amplifier 


A  generalized  schematic  of  an  operational  amplifier  control 
circuit  Is  given  In  Figure  10.  The  active  amplifying  element  ’’K" 


Is  in  this  case  a  series  of  cascaded  stages  of  Impact  modulators. 

The  output  pressure  is  back  through  the  passive  element 

(H)  to  be  compared  with  the  Input  signal  in  the  summing  point. 
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The  output  is  then  corrected  according  to  the  error  signal  (P  ). 

0 

The  steady  state  transfer  function  or  amplifier  gain  can  then  be 
P  „ 

written  as  where  K  and  H  are  the  gains  of  the  forward 

^In 

loop  and  feedback  respectively.  Since  the  loop  gain  (KH)  Is  much 
greater  than  one,  the  gain  of  the  circuit  can  be  determined  by  the 
value  of  feedback  gain.  Although  several  variations  of  this  control 
circuit  are  under  Investigation,  only  one  is  presented  here. 

A.  The  Active  Amplifying  Element 

From  the  transfer  function  shown  above,  It  is  evident  that  if 
a  passive  element  Is  used  In  the  feedback,  l.e.,  0<H<1  the  gain  may 

be  varied  from  K  to  If  several  stages  of  the  Impact  modulator 

are  used  to  obtain  the  high  gain  K,  (hero  In  excess  of  10*)  the  gain 
can  vary  from  K  to  approximately  1.  In  the  previous  section,  It  was 
shown  how  two  transverse  Impact  modulators  could  bo  cascaded  to 
ootain  a  gain  of  300!l  psl/psi.  By  adding  two  more  stages  to  this 
combination,  the  gain  was  Increased  to  12,000:1  psl/psl,  see 
Figure  12.  This  fo\4r  stage  amplifier  was  then  assumed  sufficient 
for  use  as  the  active  amplifying  element. 

B.  The  Summing  Point 

The  usual  operating  conditions  for  the  summing  point  is  that 

P  =  P,  -  P„.  However,  it  would  bo  sufficient  If  P^  =  aP,  -  bP^ 
e  In  f  *  e  In  f 

where  (a)  and  (b)  are  constants  of  proportionality.  The  first 
approach  used  to  obtain  this  action  was  to  use  a  stream  deflection 
principle  In  the  following  manner.  The  Input  signal  la 

applied  at  an  orifice  d^.  Figure  11.  It  Is  then  collected  on  the 
opposite  side  In  a  collector  orifice  d  .  If  then  the  feedback 

d 
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signal  Is  applied  to  an  orifice,  d  ,  normal  to  the  Input-collector 

2 

axis,  the  Input  stream  will  be  deflected  away  from  the  collector 
reducing  the  collected  pressure  proportionally  to  the  magnitude  of 
the  feedback  signal.  This  device  might  be  considered  a  simple 
three  dimensional  stream  deflection  or  momentum  amplifier  with  a 
single  control  and  collector  orifice.  This  device,  called  a  three 
terminal  modulator  (3TM)  operates  according  to  the  relation 

P,  +  P  =  A(P.  °)P^  where  A  and  b  are  cons tants  dependent  upon 

in  c  m  I 

the  geometry  of  the  unit.  ^  Imposing  the  conditions  of  a  control 

circuit  and  further  algebraic  manipulation  of  this  equation,  the  3TM 

can  bo  shown  to  follow  the  relation  P  =«  P.  -  P^  where  m  and  ® 

c  in  1-b  r 

are  determined  by  the  clrcylt  relationships.  Then  the  3TM  follows 
the  necessary  characteristics  of  a  summing  point.  By  including 
this  relation  In  the  total  circuit  equation,  the  following  transfer 

p 

function  Is  obtained,  out  _  K  ,  y*-  m 

T.  1+M'HK  '  i-b  * 

In 

The  value  of  «  in  the  transfer  function  can  be  of  significance 
in  the  performance  of  the  circuit.  «  Is  dependent  upon  the  geometry 
of  the  3TM  and  the  Impedance  which  the  error  signal  sees  In  the 
first  stage  of  amplification.  When  the  Input  Impedance  of  the 
first  stage  Is  known,  the  3TM  can  be  designed  for  a  maximum  «. 

[2].  This  Impedance  match  will  also  assure  maximum  Impedance  In  the 
feedback  and  at  the  same  time  minimize  the  gain  loss  In  the  forward 
loop . 
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C.  Feedback 


Of  all  the  circuit  components,  the  feedback  element  must  meet 
the  most  rigid  specifications.  The  feedback  gain  must  be  variable 
from  zero  to  one  and  linear  over  the  full  pressure  drop  of  the  output 
range.  Although  almost  any  passive  flovsi  resistance  element  can  meet 
the  gain  range  requirements,  none  of  these  are  linear  enough  for 
feedback  elements.  Capillaries,  if  long  enough,  can  present  a 
relatively  linear  resistance  but  usually  have  to  be  paralleled  in 
order  to  pass  sufficient  flow.  Porous  materials,  in  some  Instances, 
present  extremely  linear  resistance,  but  are  sensitive  to  manufactur¬ 
ing  techniques  and  have  tendencies  to  become  clogged.  One  method  of 
attaining  an  approximately  linear  resistance  Is  with  a  pair  of 
axially  opposed  orifices  with  variable  spacing  between  them.  The 
gain  is  determined  by  the  space  between  the  orifices  and  the  ampli¬ 
fier  output  sees  the  same  Impedance  even  as  the  feedback  gain  is 
varied.  This  scheme  will  be  used  in  the  following  amplifier  design. 

D.  Evaluation 

To  evaluate  the  effectiveness  of  the  circuit  design,  it  is 
necessary  to  examine  the  actual  characteristics  of  the  operational 
amplifier.  The  input  characteristics  can  simply  be  described  as 
flow  through  an  orifice.  The  gain  characteristics  can  be  determined 
from  the  value  of  the  feedback.  The  output  characteristics,  however, 
must  bo  determined  through  an  experimental  plot  of  output  flow  and 
pressure  with  changing  load.  '"'1th  these  characteristics  then,  the 
entire  operation  of  the  amplifier  can  be  described. 
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The  gain  curves  show  the  range  of  gains  available.  Figure  12 
shows  the  forward  gain  of  the  circuit  under  actual  circuit  loading 
condition.  This  gain  is  in  the  order  of  magnitude  of  10*  psi/psi. 
Figure  13  shows  the  total  range  of  gains  available,  from  approximately 
10*  with  no  feedback,  to  approximately  .5  psl/psi  with  full  feedback. 
Although  only  two  intermediate  gains  are  shown,  there  is  infinite 
resolution  of  gain  between  the  maximum  and  the  minimum. 

The  output  characteristics  must  be  examined  to  determine  the 
linear  range  of  operation  of  this  device  when  coupled  with  similar 
computing  devices.  Figure  lU  shows  the  output  characteristics  of  this 
circuit.  The  dashed  lines  indicate  the  ideal  output  characteristics 
of  an  operation  amplifier.  The  loss  of  pressure  with  increased 
load  before  sharp  cutoff  is  due  to  the  lack  of  sufficient  gain  in 
the  forward  loop.  The  cutoff  slope  is  due  to  load  of  the  feedback 
orifice.  It  can  be  shown  that  the  cutoff  curve  is  identical  to  the 
feedback  load  line.  When  this  circuit  is  to  be  coupled  with  another 
computing  device,  the  input  characteristic  of  that  device  can  be 
plotted  directly  over  this  output  curve.  The  intersection  of  this 
load  line  and  cutoff  curve  will  show  the  maximum  output  pressure  to 
which  linear  amplification  will  occur.  According  to  this  output 
curve  the  greater  the  output  load,  the  more  limited  the  operating 
range.  When  the  impedance  of  the  feedback  load  is  increased  the 
operating  range  of  the  amplifier  will  also  increase.  This  output 
characteristic  thus  has  certain  undesirable  features,  but  it  does 
show  that  pure  fluid  operational  amplifiers  can  be  designed  that 
exhibit  the  same  type  of  performance  as  their  electronic  counterparts. 
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V  Discussion 


A.  Passive  Differential  Arr-plifler 

Although  the  Impact  modulator  has  been  presented  as  an  active 

amplifying  element,  its  principle  of  operation  offers  an  additional 

feature  of  acting  as  a  passive  amplifying  element,  l.e.,  a  device 

which  amplifies  the  difference  of  two  signals.  Consider  the  two 

supply  pressures  P  and  P  as  signals,  and  the  output  pressure,  p 

12  2 

and  input  pressure  p^  as  two  outputs,  one  positive  and  one  negative. 

Figure  2.  Under  these  conditions  it  can  be  shown  that  the  output 

pressures  p  and  p  are  proportional  to  the  difference  in  the  signal 
1  2 

pressures  P  and  P  .  Consider  first  the  condition  that  P  >P  .  The 
12  12 

negative  pressure  p^  will  always  remain  less  thap  or  equal  to  zero. 

The  positive  output  p  will  read  some  amplified  portion  of  the 

2 

difference.  It  should  be  noted  that  the  pressure  drop  across  the 

orifice  D  is  greatly  reduced  and,  therefore,  the  flow  is  greatly 
2 

reduced.  If  then,  P  >P  the  Impedance  of  signal  P  remains  that  of 

12  1 

an  orifice,  while  the  Im.pedance  of  signal  P^  is  greatly  increased. 

Because  of  the  symm.etry  of  the  direct  Impact  modulator,  the  exact 

reverse  of  this  situation  is  also  true.  When  the  two  signals  P^  and 

P  are  equal,  the  output  of  either  side,  is  zero.  This  device  when 
2 

used  as  a  passive  element  has  the  properties  of  a  difference  amplifier 
or  summing  point . 

By  replacing  the  3TM  with  the  Impact  type  summing  point,  the 
loading  effect  of  the  feedback  on  the  output  is  greatly  reduced.  This 
however,  presents  certain  Inherent  limitations.  The  opposing  orifice 
type  feedback  element  can  no  longer  be  used  as  it  destroys  any  Improve 
ment  in  feedback  Impedance.  In  order  to  retain  the  high  Impedance 
a"cloaed"  type  restrictor  must  be  used. 
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VI  Concluding  Remarks 

In  defining  the  techniques  involved  in  designing  an  operational 
amplifier  using  the  Impact  modulator,  many  details  in  the  physical 
construction  have  been  bypassed.  This  omission  has  been  intentional 
so  that  the  principles  of  operation  would  not  be  overshadowed  by 
the  many  details  of  physical  design.  It  should  also  be  pointed  out 
that  the  mpdel  amplifier  presented  in  this  paper  was  not  meant  to  be 
an  optimum  design  but  rather  an  example  to  present  the  techniques 
used  for  describing  Impact  modulators  and  their  applications. 
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CONTROL  CHARACTERISTICS  OF  VORTEX  VALVES 

Endr*  A.  M«y*r  * 

Poul  Maker  * 


INTRODUCTION 

A  planr  vortex  has  two  vrlority  comportentx.  a  radial  romponent  and  a  tan/’ential  romponrnt. 
The  interaction  between  these  components  may  be  used  to  accomplish  a  valvinf,  function,  using  no 
moving  mechanical  elements  other  than  the  fluid  flows.  This  feature  makes  the  I'ortex  valt>e  a  de¬ 
sirable  control  element  in  the  output  stages  of  fluid  power  systems. 


The  basic  operating  mechanism  of  the  vortex,  the  three-dimensional 
flow  field,  defies  rigorous  analysis.  Since  the  work  on  energy  separation 
by  Ranque  in  1931,  a  number  of  analytical  approaches  have  been  proposed. 

INLET 


FIGURE  1  -  RANQUE-HILfiCH  TUBE-SCHEMATIC  REPRESENTATION 


*Staff  Engineer,  Energy  Conversion  and  Dynamic  Controls  Laboratory, 
Rendix  Research  Laboratories,  Southfield,  Michigan 
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The  scope  of  vortex  investigations,  both  analytical  and  experimental  has 
become  very  broad  since  the  rediscovery  and  extension  of  Ranque's  work 
by  Hilsch  in  1946,  leading  to  the  development  of  the  Ranque -Hilsch  tube. 

The  Ranque-Hilsch  tube  has  remained  a  challenging  analytical 
problem  to  the  fluid  dynamicist  over  the  years.  This  device  is  described 
here  only  briefly,  because  a  large  number  of  publications  on  analytical 
and  experimental  investigations  serve  as  a  foundation  for  the  present, 
simplified  approach  to  vortex  valve  vlesign.  Figure  1  is  a  schematic  of 
a  counterflow  Ranque-Hilsch  tube.  Air,  or  any  compressible  gas,  enters 
the  tube  through  tangential  inlet  nosslei  at  near  Mach  1  velocity.  The 
swirling  flow  travels  down  the  tube  at  a  considerably  lower  axial  velocity 
and  discharges  through  an  annular  orifice  in  one  end  of  the  tube.  In  the 
vicinity  of  the  axis  of  the  tube  a  counterflow  takes  place  and  discharges 
through  a  centrally  located  orifice  near  the  inlet  end.  The  gas  passing 
through  the  center  noszle  is  at  a  lower  total  temperature  than  the  inlet 
gas.  while  the  gas  discharging  through  the  annulus  at  the  far  end  of  the 
tube  is  at  a  higher  total  temperature  than  the  inlet  gas. 

A  comprehensive  bibliography  by  We8tley(l)  summarizes  the 
Ranque-Hilsch  tube  research.  At  first  the  device  seemed  to  be  an 
extremely  simple  and  attractive  means  of  refrigeration,  however  the  rela¬ 
tive  inefficiency  of  the  device,  when  compared  to  a  mechanical  refrigerator 
has  limited  practical  applications  of  the  Ranque-Hilsch  tube.  In  spite  of 
the  limited  application,  the  Ranque-Hilsch  tube  has  served  to  spark  a 
large  area  of  interest  in  vortex  investigations,  both  ana.ytical  and  ex¬ 
perimental.  The  present  paper  describes  a  simple  analytical  approach 
to  a  vortex  valve  operating  with  a  compressible  gas. 

Vortex  Valve  Analysis 

The  vortex  valve  is  an  "all-fluid"  control  element  having  no 
mechanical  moving  parts.  The  flow  control  is  produced  by  interaction 
between  two  fluid  flows.  The  schematic  of  a  typical  vortex  valve  is 
shown  in  Figure  2.  The  main  supply  flow  enters  the  plenum  behind  the 
mixing  region  at  negligible  velocity.  The  flow  passes  through  a  mixing 
zone  in  an  annular  sheet  into  the  main  vortex  chamber.  In  the  absence 
of  control  flow,  the  main  flow  proceeds  radially  inward  toward  the  central 
outlet  of  the  vortex  chamber.  In  this  condition  the  maximum  flow  passes 
through  the  valve. 

The  tangential  control  flow  imparts  a  rotational  component  to  the 
main  supply  flow,  and  the  combined  flows  pass  into  the  vortex  chamber 
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with  both  tangential  and  radial  components.  The  angular  momentum 
may  be  written  as: 

M  =  m  r  U 

or: 


M 


2 

m  r  u> 


FIGURE  2  -  VORTEX  VALVE-SCHEMATIC  REPRESENTATION 


and  conservation  of  momentum  requires  that  the  tangential  velocity  U* 
and  the  angular  velocity  tj,  both  increase  as  the  flow  moves  inward,  with 
decreasing  r.  The  velocity  changes  cause  shear  stresses  in  the  rotating 
fluid  mass,  tending  to  accelerate  the  outer  layers  and  slow  the  inner 
layers.  This  coupling  amounts  to  a  feedback,  with  the  net  effect  of 
further  increasing  the  average  angular  velocity.  The  energy  increment 
involved  is  supplied  by  the  pressure  drop  in  the  fluid  as  it  moves  inward 
against  the  centrifugal  field. 

Near  the  outlet  port  the  two-dimensional  vortex  field  begins  to 
change  to  a  three-dimensional  vortex  due  to  the  "sink"  flow  from  the 
exit  opening.  The  maximum  velocities,  both  tangential  and  angular,  occur 
near  the  center  of  the  vortex  chamber  slightly  inside  the  radius  of  the 
exit  hole.  At  smaller  radii  in  the  exit  jet,  shear  forces  bring  the  fluid 
jet  practically  to  a  "wheel"  rotation,  of  constant  angular  velocity. 

A  comprehensive,  general  analytical  approach  to  the  solution  of 
the  three-dimensional  vortex  flow  of  a  viscous,  compressible  flow  is 
considered  impractical.  The  assumptions  by  the  authors  of  previous 
papers  on  vortex  phenomena  made  the  results  specific  to  the  particular 
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applications  concernedi  and  there  has  been  no  generally  valid  mathematical 
basis  developed  for  the  descriptions  of  these  phenomena.  These  assump¬ 
tions  havei  in  general,  defined  the  velocity  field  within  the  vortex  by 
indirect  means.  The  large  changes  in  tangential  velocity  occurring  in  a 
vortex  chamber,  operating  from  *ero  to  maximum  rotational  velocity  in 
a  vortex  valve,  may  require  continuQUS  adjustments  of  the  assumed 
coefficients. 

In  flow  control  applications  of  a  vortex  valve,  knowledge  of  the 
relationship  between  control  pressure  and  total  weight  flow  is  desired. 

The  following  analysis  is  directed  toward  a  simple  approach  for  predicting 
valve  performance  with  viscous  compressible  fluids  over  a  large  range 
of  physical  variables,  such  as  vortex  chamber  diameter,  length,  chamber 
diameter  to  outlet  orifice  ratio,  ambient  pressure,  and  supply  and  con¬ 
trol  gas  pressures  and  temperatures. 

The  basic  assumption  of  the  analysis  is  that  of  the  tangential  velocity 
distribution  itself.  With  an  assumed  velocity  distribution,  pressure  losses 
in  the  chamber  may  be  calculated  with  relative  ease.  In  addition,  the 
pressure  distribution  across  the  outlet  port  may  be  calculated,  thus  the 
total  flow  through  the  vortex  valve  may  be  computed. 

The  following  three  basic  rotational  velocity  fields  may  be  en¬ 
countered  in  a  vortex  valve; 

The  solid  body  rotation  or  forced  vortex  flow  may  occur  under  high 
viscous  coupling.  At  extreme  velocities  the  apparent  viscosity  becomes 
very  large;  values  of  the  order  of  a  thousand  times  the  normal  viscosity 
have  been  estimated  in  experimental  reports  on  the  Ranque-Hilsch  tube. 

At  such  high  viscous  coupling  the  velocity  field  resembles  solid  body 
rotation.  In  solid  body  rotation  the  angular  velocity  remains  constant 
at  any  point,  and  the  tangential  velocity  is  a  direct  function  of  the  radius. 

CJ  =  w  (1) 

1  1 

r. 

U.  =  U,  —  (2) 

1  1  r. 


Free  vortex  rotation  is  defined  by  constant  angular  momentum. 
This  mode  is  approached  in  bodies  of  gases  rotating  at  comparatively 
low  velocities  when  the  effective  viscosity  becomes  negligible. 
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O) 

1 


(3) 


U.  =  U 
1 


1 


(4) 


Constant  tangential  velocity  is  a  unique  internnediate  velocity  dis¬ 
tribution  between  the  free  vortex  and  forced  vortex  rotation.  The 
tangential  velocity  is  constant  at  any  point  in  the  vortex  chamber  and 
the  rotational  velocity  is  an  inverse  function  of  the  radius. 


U) 


i 


(5) 


u,  =  W 

Equations  (1)  to  (6)  indicate  that  the  velocity  profiles  may  be  described 
for  all  conditions  by  exponential  equations: 


n 


The  particular  velocity  distributions  given  may  now  be  defined  by 
particular  values  of  the  exponent  (n)  where: 

n  =  0  for  a  free  vortex  velocity  distribution 

n  =  1  for  constant  tangential  velocity 

n  =  2  for  a  forced  vortex  velocity  distribution 

Only  a  relatively  small  amount  of  experimental-data  has  been 
published  on  vortex  field  velocities.  Several  investigators  have  ques¬ 
tioned  the  value  of  velocity  measurements  entirely,  because  even  the 
smallest  available  velocity  probe  may  upset  the  local  vortex  pattern 
due  to  eddy  formations,  thus  producing  erratic  or  misleading  results. 
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Figure  3  compares  the  three  velocity  distribution  patterns  with 
a  typical  experimental  curve  given  by  Lay  (2Z)  in  a  report  on  a  Ranque- 
Hilsch  tube  investigation.  The  distribution  of  the  velocity  data  lies 
between  constant  tangential  and  the  theoretical  forced  vortex  velocity; 
perhaps  closer  to  the  constant  tangential  velocity  distribution.  At 
lower  tangential  velocities  (M^  -  0.05)  Yeh  (21)  found  that  the  velocity 
distribution  very  closely  approached  that  of  a  free  vortex  velocity 
distribution.  Using  the  typical  observed  data,  the  tangential  velocity 
distribution  was  defined  arbitrarily  for  the  present  analysis. 


FIGURE  3  -  TIIEORETICAl,  AND  EXPERIMENTAL  VORTEX  VELOC'irY  DISTRIBUTION.S 

The  exponent  (n)  in  Equations  (7)  and  (8)  is  a  function  of  both 
local  tangential  velocity  and  location  in  the  vortex  chamber.  For  the 
present  analysis  the  exponent  was  defined  by  a  curve  composed  of  five 
linear  segrox’nts  starting  with  n  =  2  at  very  low  tangential  velocities 
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and  finishing  at  n  =  1  for  sonic  velocity.  In  ordv'r  to  correlate  various 
tangential  velocity  curves,  the  definition  is  in  Mach  Number  as  given 
in  Table  I. 


Table  I 


Mach  No,  Mj 

1.0 

0.5 

0.1 

0.01 

0.00  1 

Exponent,  n 

1.0 

1.31 

1.5 

1.8 

2.0 

The  effect  of  losses  due  to  boundary  layers  within  the  chamber 
may  be  included  in  the  computation  by  modifying  the  velocity  distri¬ 
bution  curve.  Preliminary  estimates  indicated  that  the  effects  of 
boundary  layer  may  be  reduced  by  allowing  sufficient  chamber  length. 

N  o  published  experimental  data  was  found  on  the  effects  of  boundary 
layer  on  the  vortex  chamber  velocity  distribution.  For  these  reasons 
the  analysis  did  not  include  variations  in  the  exponent  (n)  as  functions 
of  location  or  radial  position  within  the  vortex  chamber. 

The  starting  point  for  the  vortex  valve  design  may  be  conveniently 
taken  as  the  operation  at  zero  control  flow.  The  restricting  flow  area 
is  that  at  the  center  hole  in  this  vortex  chamber  design.  The  minimum 
area  may  be  either  that  of  the  outlet  hole  area: 

A  =  TT  r^  (9) 

o  o 

or  that  of  the  annulus  at  the  periphery  of  the  hole: 


A  =  2  TT  I  /  (10) 

a  o 


However,  if  the  chamber  length  is  equal  to  or  greater  than  the  hole 
diameter,  the  annular  area  is  at  least  four  times  that  of  the  hole,  and 
the  resistance  of  the  annulus  may  be  neglected.  This  is  the  case  with 
the  valve  design  discussed  here. 


The  flow  from  the  vortex  chamber  may  be  calculated  by  the 
adiabatic  flow  formulas.  For  high  supply  pressures  the  flow  is  sonic: 


W  =  C  A  P 

s  max  d  j  o  s 
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v/hen: 


P 

e 


P 

s 


< 


(  =  0.526  for  k  =  1.4) 


(12) 


Above  this  critical  pressure  ratio  the  flow  becomes  subsonic; 


As  long  as  the  flow  areas  in  the  vortex  chamber  and  the  mixing 
zone  are  maintained  at  least  4  to  8  times  the  size  of  the  outlet  area, 
the  pressure  at  the  outlet  orifice  annulus  will  remain  at  a  value  very 
close  to  that  of  the  supply  pressure  due  to  the  low  pressure  losses  in 
the  vortex  chamber. 


The  control  flow  to  the  valve  may  be  calculated  in  a  similar 
manner,  using  the  control  pressure  as  the  upstream  pressure  and  the 
supply  pressure  the  downstream  pressure  at  the  control  port.  Below 
the  critical  pressure  ratio; 


P 


s 


P 

c 


(14) 


and 


W 


c 


(15) 


and  above 


W 


c 


the  critical  pressure  ratio,  in  the  subsonic  flow  range; 


(16) 


Assuming  complete  mixing  of  supply  flow  and  control  flow  in  the 
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mixing  zone  the  tangential  veloc  ity  of  the  gas  entering  the  vortex  chamber 
may  be  calculated. 


whe  re : 


W 


U  =  V  — 
1  c  W 


o 


W  =  W  +  W 
o  s  c 


(17) 


(18) 


The  control  velocity  may  be  computed  using  the  known  upstream 
conditions  in  terms  of  either  velocity  or  Mach  number.  The  only 
limiting  factor  is  the  sonic  velocity  of  the  control  flow  at  the  critical 
pressure  ratio;  thus  at  the  critical  pressure  ratio  and  lower  pressure 
ratios,  the  sonic  velocity  was  used  for  V^.  For  the  subsonic  control 
the  adiabatic  formula  was  used  for  flow  velocity. 


V  =  c  M 
c 


=  /  g  R  T 

c  y  o  c 


k  -  I 


k  -  1 


(19) 


For  the  assumed  tangential  velocity  profile  and  with  known 
entrance  flow  conditions,  the  pressure  gradient  due  to  the  swirl  is 
given  by: 

2 


P. 


U 


dP 


1 

—  d  r 


(20) 


In  this  equation,  both  density  and  velocity  are  functions  of  the 
radial  position.  A  numerical  solution  of  this  equation  may  be  readily 
obtained  to  any  desired  degree  of  accuracy  on  a  digital  computer.  In 
the  initial  hand  calculations  the  equation  was  solved  over  the  assumed 
velocity  profile  using  graphic  means.  The  assumed  velocity  profile 
(Table  I)  is  shown  in  Figure  4  as  a  function  of  radial  location,  for 
tangential  velocities  between  Mach  numbers  0.001  and  1.00  at  the  outer 
edge  of  the  vortex  chamber  and  radius  ratios  from  1.00  to  0.001. 

Figure  4  may  be  used  to  find  the  tangential  velocity  at  any  point  within 
the  vortex  chamber  for  a  given  imtry  condition. 


The  pressure*  drop  may  be  solved  by  simple  hand  calculation  under 
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the  condition  that  the  absolute  pressure  is  high  compared  to  the  pressure 
loss  across  the  vortex  valve, by  assuming  p-  to  be  constant: 


(21) 


At  lower  operating  pressures,  or  if  the  pressure  drop  in  the  vortex 
field  is  sufficient  to  affect  the  density,  Equation  (20)  may  be  solved  by 
stepwise  numerical  integration.  Using  twelve  segments  the  pressure 
equation  was  solved  in  a  modified  form. 


dP 


F  (M  r) 

^  t 


(22) 
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FIQUP"  '  -  HRl->«URK  l.OKB  FUNCTION  IN  A  VORTKX  FIELD 


The  value  of  F  (M^  r)  was  calculated  for  initial  Mach  numbers  of  0.001, 
0.01,  0.1  and  1.0  u^ing  IZ  linear  segments  in  each  case.  Figure  5  shows 
F  (Mjj  r)  for  the  range  calculated.  Using  Figure  5,  the  pressure  distri¬ 
bution  in  the  valve  may  be  calculated. 


Experimental  Verification  of  Vortex  Anah 


An  experimental  program  was  conducted  to  verify  the  analytical 
performance  prediction.  The  test  schematic  is  shown  in  Figure  6. 
Variable  area  Rotameters  were  used  for  flow  measurements.  The 
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verification  tests  were  carried  out  using  shop  air  at  amb'ent  temperature 
as  the  fluid. 

Figure  7  is  the  general  view  of  a  typical  test  setup.  The  vortex 
valve  shown  in  the  center  foreground  is  a  model  with  a  4.00-inch 
diameter  vortex  chamber. 


Fiai’HK  B  -  THKORhmCAl.  AND  EXPKRIMENTAI,  Fl-OW  CORRELATION 

Figure  8  indicates  the  correlation  between  calculated  and  experi¬ 
mental  vortex  valve  performance.  The  agreement  is  good  both  for  gain 
and  the  location  oi  the  cutoff  control  pressure.  The  major  difference 
between  the  calculated  values  and  the  experimental  data  is  in  the  weight 
flow  ratio  Wq/W^  rnax  •  calculated  minimum  is  8  percent,  but  the 

experimental  minimum  is  17  percent.  The  deviation  could  not  be  traced 
to  any  single  source.  On  the  basis  of  the  otherwise  good  correlation 
found,  no  attempt  was  made  to  adjust  the  assumed  velocity  profiles. 

The  experimental  data  suggested  that  the  tangential  velocity  may  be 
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decreasing  as  the  center  of  the  valve  is  approached  and  the  velocity 
field  approaches  solid  body  rotation,  with  the  resultant  reduction  of 
exponent  (n)  to  0  instead  of  the  values  shown  in  Figure  4,  the  assumed 
tangential  velocity  distribution. 

Further  experimental  evaluation  of  additional  vortex  valves 
models  indicates  that  turndown  ratios  of  6.5:1  between  maximum  out¬ 
let  flow  and  minimum  outlet  flow  are  obtainable  from  vortex  valves 
operating  on  compressible  gases  from  room  temperature  to  1400"F 
supply  gas  temperatures.  Figure  9  shows  a  vortex  valve  designed  for 
2000"F  ambient  operation  and  with  outlet  flow  turndown  capability  of 
6.5:1. 


The  operating  characteristic  of  the  high  temperature  vortex 
valve  is  shown  in  Figure  10.  The  lower  curve  indicates  operation  at 
70“F  ambient  and  using  nitrogen  at  the  ambient  temperature.  The 
upper  curve  was  obtained  at  1300'’F  ambient  temperature  with  the 
valve  operating  with  1400*F  nitrogen  as  the  control  source  and  1200°F 
nitrogen  for  supply  gas.  The  tests  were  conducted  in  a  radiant  heat 
furnace.  The  difference  in  the  performance  between  the  heat  exchangers 
used  for  heating  the  control  and  supply  gas  accounted  for  the  200“F 
temperature  difference.  The  shift  in  the  curve  is  in  the  same  sense 
as  expected  from  the  analytical  calculation  due  to  the  temperature 
difference  between  the  control  and  the  supply  gas. 

The  vortex  valve,  as  any  pneumatic  control  element,  is  sensitive 
to  loading.  Typical  load  characteristics  of  a  vortex  valve  and  different 
sizes  of  downstream  orifices  is  shown  in  Figure  11.  As  the  outlet  area 
downstream  of  the  valve  is  decreased  using  one  of  four  different  sizes 
of  throttling  orifices,  the  maximum  flow  decreases  correspondingly. 

The  nearly  vertical  load  lines  indicate  the  natural  tendency  for  a  vortex 
valve  to  act  as  a  pressure  control  valve.  The  load  characteristics  of 
vortex  valves  may  be  modified  to  a  considerable  extent  by  adjusting 
chamber  length  and  the  geometry  in  the  mixing  zone. 

The  basic  vortex  valve  is  primarily  a  flow  control  device. 

Typical  incremental  flow  gain  is  200.  The  flow  gain  may  be  varied  by 
changing  the  size  of  the  control  port  of  the  valve.  Incremental  power 
gain  is  approximately  27  5.  The  values  given  for  both  flow  gain  and 
power  gain  were  measured  at  room  temperature  using  the  valve  shown 
in  F igure  9. 
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FIGURE  1 1  -  VORTEX  VALVE  FIX)W  CHARACTERll?riCS 

CONCLUSIONS 

An  attempt  was  made  to  define  and  develop  analytical  techniqvr^s 
leading  to  an  engineering  capability  in  the  design  of  vortex  valves. 

These  techniques  were  examined  experimentally  and  were  verified  to 
an  adequate  degree  of  accuracy.  The  assumed  velocity  profile  technique 
lends  itself  to  a  direct  and  relatively  simple  experimental  verification. 
Hot  wire  anemometer  probes  or  pitot  tube  velocity  measurements  could 
directly  confirm  these  assumptions.  However,  the  agreement  between 
predicted  performance  and  experimental  data  for  the  present  work  and 
the  relative  complexity  of  both  vortex  models  and  instrument  probes  has 
discouraged  direct  velocity  profile  measurements. 
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NOMENCLATURE 


Symbol 

A 

€L 

A 

c 

A 

o 

C 

Cdl 

^dZ 

g 

k 

I 

M 

Me 

Mt 

n 

Pc 

Pe 

P« 


Description 

Annular  flow  area  at  the  outlet  orifice 
Control  orifice  areas 
Outlet  orifice  areas 
Velocity  of  sound 

Outlet  orifice  contraction  coefficient 

Control  orifice  contraction  coefficient 

Gravitational  constant 

Ratio  of  specific  heats  of  gas 

Vortex  chamber  length 

Local  angular  momentum 

Control  flow  Mach  number 

Total  flow  tangential  Mach  number 

Velocity  distribution  exponent 

Control  pressure 

Exit  pressure 

Supply  pressure 

Vortex  chamber  radius 

Radius  at  location  (i) 

Radius  of  outlet  orifice 


Unit 


in.2 


in. 


in. 

in.  /  sec 


in./sec^ 


in. 

in. lb  sec 


Ib/in.^ 

lb/  in.^ 

Ib/in.^ 

in. 

in. 

in. 


77 


Ro 

Gas  constant 

in/*R 

T 

c 

Control  gas  temperature 

•R 

Ts 

Supply  gas  temperature 

•R 

Tangential  velocity  at  rj 

in. /sec 

Ui 

Tangential  velocity  at  location  (i) 

in.  /  sec 

Control  flow  velocity 

in. /sec 

Wc 

Control  gas  weight  flow 

Ib/sec 

Wo 

Outlet  gas  weight  flow 

lb/ sec 

W 

■ 

Supply  gas  weight  flow 

lb/ sec 

P 

Gas  density 

Ib/in.^ 

Pi 

Gas  density  at  location  (i) 

Ib/in.  ^ 

u,l 

Rotational  velocity  at  rj 

rad/ sec 

Rotational  velocity  at  r^ 
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EXPERIMENTAL  STUDY  OF  A  PROPORTIONAL 
VORTEX  FLUID  AMPLIFIER 

ty 

Ben  A.  Otsap 
of 

The  Meirquardt  Corporation 


Abstract 

An  experimental  investigation  was  conducted  on  a  vortex-controlled 
proportional  fluid  amplifier  exhibiting  unique  characteristics  of  high 
pressure  gain  of  200,  high  pressure  recovery,  fast  response  and  high 
signal-to-noise  ratio.  The  performance  characteristics  were  investi¬ 
gated,  nnalyz'^d  and  are  presented  in  terms  of  nondimensional  quantities 
and  nondimensional  design  parameters.  The  adaptation  of  the  high 
pressure  gain  of  a  fluid  amplifier  to  network  application  is  presented. 
An  approach  to  staging  and  circuit  application  is  presented  with 
Eug;gested  notation  and  schemat ization.  Performance  comparison  to 
"pressure  controlled"  and  "momentum  controlled"  fluid  amplifiers  are 
presented  utilizing  nondimensional  parameters. 

Introduction 


The  present  state-of-the-art  of  fluid  amplification  'without  moving 
parts  reached  a  status  where  system  application  co’uld  be  considered  and 
conceived  utilizing  existing  elements  developed  ty  Horry  Diamond  Labora¬ 
tory,  Massachusetts  Institute  of  Technology,  and  others.  Here  at 
Marquardt,  emphasis  is  placed  on  the  adaptation  of  fluid  amplification 
concepts  to  actual  systems  application  utilizing  "non-moving  parts"  fluid 
amplifiers. 

Mechanization  of  these  systems  and  optimization  of  their  performances 
resulted  in  the  need  for  special  purpose  units  with  particular  performance 
characteristics  suitable  to  the  system  requirements.  It  was  therefore 
necessary  to  modify  existing  units  to  meet  circuit  requirements  or  con¬ 
ceive  new  types  of  elements  with  the  required  characteristics. 
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Investigating  the  adaptation  of  "pure  fluid"  concept  to  ramjet  cori- 
trol  systems  created  the  need  for  a  single  ended*  "non-moving  part" 
proportional  fluid  amplifier  exhibiting  high  pressure  gain  characteristics 
(over  lOO)  ,  high  pressure  recovery  at  high  output  impedance  (blocked  load) 
and  capabilities  of  operation  with  pressure  ratios  ( suj ply  to  ambient)  up 
to  6.0.  T'ypicol  application  is  the  inlet  control  system  of  ramjet  with 
high  impedance  actuator  as  the  output  load.  The  vortex  fluid  amplifier 
presented  in  this  paper  was  conceived  and  designed  to  meet  these  specific 
requirements . 

Formulating  a  mathematical  model  describing  the  operation  of  the 
vortex  amplifier  requires  the  solution  of  the  "Nav ier-Stokes"  equation 
for  three -aimensional  flow.  In  light  of  the  complex  nature  of  the  flow, 
the  design  does  not  lerid  ’‘■self  to  analysis,  arid  emphasis  has  been  placed 
cn  experimental  evaluation  of  performance  of  this  unit,  allowing  for 
utilization  of  data  obtained  in  deriving  mathematical  expressions.  This 
pa^^er  is  limited  to  the  experimental  investigation  described  below. 

The  paper  presents  an  evaluation  of  the  TMC  vortex  amplifier  supi)orted 
by  experimental  data  with  emphasis  placed  on  its  performance  under  actual 
system  condition,  compressible  fluid  (air)  and  blocked  load.  Perfomiance 
criteria  investigated  were  press'ure  gain,  pressure  recovery,  response  and 
signal-to-noise  ratio.  Design  farameters  controlling  the  perfornfince 
chfiracterist  ics  of  the  vortex  amplifier  were  investigated  and  evaluated. 

The  objective  was  to  optimize  performance  and  present  the  data  in  terms 
of  design  parameters  to  serve  as  a  guide  in  selecting  a  vortex  amplifier 
suitable  to  a  specific  anUcation. 

Pei'fomance 


The  performance  characteristics  of  the  vortex  amplifier  shown  in 
Figure  1  are  presented  in  terms  of  pressure  gain,  pressure  recover,, 
response  and  signal-to-noise  ratio.  These  four  parameters  are  con¬ 
sidered  to  be  the  primary  factors  in  evaluating  the  performance  capa¬ 
bilities  of  the  vortex  amplifier  find  in  its  adaptation  to  control  system 
applications.  Other  parameters  such  as  flow  gain,  hysteresis,  threshold, 
deadband,  etc.,  are  not  considered  in  this  paper,  b  it  are  urider  investi¬ 
gation,  and  the  results  will  be  presented  at  a  later  date. 

Pressure  Recovery 


Pressure  recovery,  at  blocked  output,  is  the  ratio  of  output  total 
pressure  (Pq)  to  supply  total  pressure  with  no  input  signal.  Percent  total 
pressure  recovery  (r)  represents  the  fluid  utilization  factor  for  pressure 


*S ingle  ended  pure  fluid  amplifier  is  defined  as  a  unit  with  a  single 
input,  output,  and  signal  ports.  Analogous  to  a  transistor  or  triode  tube. 
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gain  fluid  amplifiers.  Pressure  recovery  provides  the  means  for  evaluating 
the  pressure  Josses  in  a  pure  fluid  control  system,  the  connection  and 
arrangement  ol  elements  in  a  network,  and  configuration  necessary  in  maxi¬ 
mizing  output  pressure  levels. 

R  =  X  100  (1) 

where  P_  =  Supply  total  pressure 
pQ  =  Output  total  pressure 

Consequently,  an  investigation  was  conducted  to  evaluate  the  relation¬ 
ship  bet^-een  the  design  parameters  throat  area  ratio  (Cp),  supply  area 
ratio  (C2),  depth  area  ratio  (Ct)  and  the  total  pressure  recovery.  This 
Investigation  was  correlated  with  the  pressure  gain  study  to  determine  their 
relationship  so  that  pressure  recovery  could  be  maximized  without  a  reduc¬ 
tion  in  the  pressure  gain  capabilities.  The  results  are  summarized  in 
Figures  2  and  3*  Percent  pressure  recovery  varies  from  100  percent  to  80 
percent  for  pressure  ratios  (Ps/Pa)  of  1  to  4  as  shown.  The  design  para¬ 
meter  that  influences  the  recovery  is  Cp  as  shown  in  Figure  2.  Figure  3 
show's  that  the  pressure  recovery  is  not  dependent  on  the  supply  area  ratio 
Cp.  Reducing  Cp  increases  the  pressure  recovery  at  low  pressure  ratios 
but  decreases  the  recovery  at  high  pressure  ratio  (above  4). 

To  evaluate  the  total  pressure  recovery  at  I'^iminar  and  turbulent  flow 
conditions  and  provide  a  common  denominator  for  compariBon  of  the  performance 
to  other  fluid  amplifiers,  the  pressure  recovery  was  analyzed  and  is  pre¬ 
sented  as  a  function  of  Reynolds  number  (Nr),  see  Figure  4.  It  was  assumed 
that  Nr  <  4000  represents  laminar  flow  and  Nr  >  4000  turbulent  flow.  It 
could  be  summarized  that  the  percent  recovery  for  laminar  flow  is  between 
99  percent  and  98  percent  and  for  turbulent  flow  between  98  percent  to  70 
percent  (for  Nr  up  to  60,000).  This  variation  in  performance  indicates 
that  the  final  configuration  will  be  adopted  to  match  a  particu''ar 
application . 

Pressure  Gain 


The  pressure  gain  characteristics  of  the  fluid  vortex  amplifier  are 
presented  and  evaluated  in  terms  of  a  specific  application  (blocked  out¬ 
put).  These  types  of  elements  were  specifically  designed  for  operation 
at  blocked  load  condition  such  as  high  impedance  actuators  in  ramjet 
application.  Other  load  conditions  would  require  modification  of  design 
parameters,  and  are  not  considered  in  this  paper.  The  vortex  amplifier 
is  a  single  ended  element,  and  its  pressure  gain,  Gp  is  defined  as  the 
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ratio  of  change  in  outpoit  pressure  (Pq)  to  change  in  signal  pressure 
vith  the  supply  pressure  remaining  constant  (Ps)* 

APo 

The  pressure  gain  characteristics  are  a  function  of  the  design  parameters 
and  the  method  of  applying  signal  pressure.  Injecting  the  signal  pressure 
tangent  and  in  opposition  to  vortex  motion,  the  pressure  gain  characteristic 
approaches  a  sharp  "S”  shape  curve  vith  pressure  gains  up  to  200  (see  Figure 
5).  Injecting  the  signal  in  the  center  of  the  vortex  reduces  the  pressure 
gain  to  100  and  tends  to  flatten  the  pressure  gain  curve  (see  Figure  6). 
Injecting  the  signal  with  the  vortex  motion  reduces  the  pressure  gain  to  60 
and  further  flattens  gain  curve  approaching  a  linear  relationship. 

A  study  vas  conducted  to  evaluate  the  pressure  gain  characteristics  as 
a  function  of  the  major  nondimens ional  design  parameters  throat  area  ratio 
(C-l),  supply  area  ratio  (Cg),  and  depth  area  ratio  (C3).  The  results  of 
this  investigation  are  summarized  in  Figures  9* 

ITie  investigation  showed  that  a  change  in  from  7*5  to  4.5  increased 
the  pressure  gain  from  45  to  150  without  affecting  the  linearity  through  the 
operating  range.  These  characteristics  are  shown  in  Figure  9.  However,  if 
C]_  is  <  4.0,  the  vortex  amplifier  operated  as  a  dig-'tal  amplifier  with  two 
pressure  modes  (high  and  low)  and  pressure  gains  of  over  250.  When  Ci  <  2.0 
the  unit  is  unstable.  The  other  controlling  parameter  is  the  supply  area 
ratio  (02)*  Reducing  Cp  from  28.5  to  10  increased  pressure  gain  and  improved 
linearity.  However,  when  Cg  <  10.0  the  unit  operated  as  a  digital  amplifier; 
end  when  Cp  <  5-0  the  unit  is  unstable.  It  is,  therefore,  obvious  that  the 
performance  of  the  vortex  amplifier  could  be  adapted  to  nximerous  specific 
applications  by  carefully  selecting  the  proper  design  parameters.  Figure  7 
shows  the  performances  of  an  optimized  configuration  selected  for  ramjet 
application . 

Response 

Two  experimental  methods  were  utilized  to  investigate  the  dynamic  charac¬ 
teristics  of  the  vortex  fluid  amplifier:  steady  state  frequency  response  and 
transient  response.  The  open  loop  frequency  response  tests  were  based  on  the 
application  of  a  steady  state  sinusoidal  pneumatic  signal  to  the  input,  and 
the  measurements  of  the  magnitude  of  input  and  output  pressure  levels  and 
their  phase  relationship.  The  test  setup  is  shown  in  Figure  10.  The  transient 
response  cheiracteristics  were  obtained  by  a;  plying  a  step  input  (square  wave) 
and  recording  the  output  response.  This  was  accomplished  after  the  establish¬ 
ment  of  the  transfer  function  for  the  vortex  amplifier.  The  transfer  function 
is  a  first  order  lag,  G  =  k/(1  +  TS)  as  indicated  below. 

A  summary  of  the  frequency  response  test  data  is  presented  in  Figures 
II  through  15*  The  tests  were  conducted  on  a  representative  element 
(Model  a)  with  frequencies  up  to  125  cps.  A  plot  of  the  amplitude  ratio 


(2) 


08 


(db)  and  phase  shift  (degrees)  as  a  function  of  frequency  is  presented  in 
P'igure  15.  The  results  indicate  that  the  open  loop  characteristics 
approximate  a  first  order  lag  transfer  function  (G  =  k/  Cl  +  TSj  ),  with 
a  break  frequency  of  2J  cps. 

Transient  response  tests  were  conducted  on  four  similar  imits  with 
different  internal,  plenums.  The  time  constant  was  esteuilished  by  determining 
the  point  where  the  output  reached  63  percent  of  steady  state  level  as  indi¬ 
cated  below. 


Input 


Output 


The  time  constant  was  Investigated  as  a  function  of  chamber  plenum  of 
the  uAlt,  e.g.  time  constant  was  related  to  chamber  plenum  ratio  (Vr),  which 
Is  the  ratio  between  Model  "A"  and  the  other  models  (B,C,D).  The  results  of 
this  Investigation  are  summarized  In  Figures  I6  and  IT*  It  appears  that  the 
time  constant  Is  closely  related  to  the  chamber  plenum.  A  change  In  Vj^  from 
1.0  to  .5  reduces  the  time  constant  from  .010  sec.  to  .OO65  sec.  It  could 
be  concluded  that  the  transfer  function  of  the  vortex  amplifier  Is  a  first 
order  lag  and  It  appears  to  be  Independent  of  scaling;  however,  the  time  con 
steint  or  break  frequency  Is  a  function  of  the  Internal  volume  of  the  unit. 

Slgnal-to-Nolse  Ratio 


In  genereLL  It  may  be  assumed  that  a  primary  factor  limiting  the  ampli¬ 
fication  of  any  fluid  amplifier  Is  Its  slgnal-to-nolse  ratio.  Any  noise 
Introduced  or  generated  will  be  amplified  along  with  the  desired  signal,  so 
that  if  the  noise  level  is  an  appreciable  portion  of  the  desired  signal, 
further  amplification  will  introduce  significant  distortion.  The  total 
noise  present  in  a  fluid  amplifier  can  be  divided  into  two  main  categories: 
Noise  that  Is  introduced  from  an  outside  source  and  noise  that  is  generated 
by  the  fluid  amplifier  itself. 

This  section  presents  the  results  of  an  investigation  conducted  to 
determine  the  magnitude  of  the  internal  noises  generated  by  the  unit 
itself  In  comparison  to  output  signal,  i.e.  signal-to-noise  ratio.  The 
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eignal-to-noise  ratio  was  investigated  with  respect  to  two  par£uneters: 
supply  to  ambient  pressure  ratio  (Ps/^a)  frequency.  The  pressure 
ratio  range  under  investigation  was  1.0  to  J.O  with  frequency  range  of 
0.5  to  100  cps.  Summary  of  the  test  data  is  presented  in  Figures  I8 
through  23* 

The  investigation  showed  that  pressure  ratios  (up  to  7*0)  have  a 
secondary  effect  on  the  magnitude  of  the  noise  ( signal-to-noise  ratio 
of  approximately  30  dl  or  noise  is  approximately  3  percent  of  signal). 
However  it  is  believed  that  higher  pressure  ratios  will  significantly 
influence  the  level  of  internally  generated  noises.  Frequency  of  0  to 
25  cps  have  no  effect  on  noise  level  as  shown  in  Figure  23*  At 
frequencies  above  25  cps  the  noise  level  increases  with  the  increase  in 
frequency  and  at  100  cps  the  signal-to-noise  ratio  is  approximately 
lU  db  or  noise  is  20  percent  of  signal.  This  behavior  could  be  related 
to  tne  frequency  response  characteristics  in  attenuating  the  oucput 
signal  level  without  effecting  the  internal  noise  level  generated  by  the 
element  itoelf.  The  signal  level  is  reduced  but  the  noise  level  remains 
constant  and  as  a  result  the  signal-to-noise  ratio  is  reduced;  in  other 
words,  the  noise  is  a  larger  portion  of  the  signal. 

Staging  and  Circuit  Application 

The  staging  of  vortex  fluid  amplifiers  con  be  accomplished  with  three 
basic  techniques:  series  connection,  parallel  connection,  and  series 
Inverted  connection,  and  any  combination  thereof,  as  shown  in  Figures  24 
through  27 • 

Employing  the  series  connection  method,  the  amplifiers  are  cascaded 
and  the  output  of  the  first  stage  is  the  signal  to  the  second  stage  and 
so  on.... as  shown  in  Figure  25.  The  n’miber  of  stages  will  depend  on  the 
signal-to-noise  ratio,  the  impedance  matching^  and  the  required  amplifica¬ 
tion.  Ideally,  the  total  amplification  Kp  is: 


n 

K,j  =  Ki  .  Kg  .  K3 - Kn  ‘  (Kj,)  (3) 


However,  due  to  the  impedance  matching  problem  and  other  losses,  the 
total  amplification  factor  is  reduced  by  a  factor  0^. 


K 


(M 
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where 


N 

number  of  stages 

Ps 

pressure  ratio 

^  = 

Kj  = 

gain  of  the  individual  elements 

z 

system  impedance 

Therefore 

n 

Kt  =  TT 

(Kr.) 

n  =  1 

(5) 


In  parallel  connection  approach,  the  output  of  the  first  stage  serves 
as  the  power  supply  to  the  next  stage  and  the  pressure  signal  is  applied 
simultaneously  to  both  stages  as  shown  in  Figure  26.  The  number  of  stages 
is  determined  by  the  pressure  recovery  characteristics.  The  required  out¬ 
put  pressure  level,  at  zero  signal,  is  primarily  a  function  of  the  recovery 
of  each  stage.  Therefore 


where 

P 


on 


n 

TT 

n  =  1 


(Sn) 


(6) 


th 

=  output  pressure  ratio  of  n—  stage 


■r-  =  supply  pressure  ratio 

^a 

R. 


'n 

N 


th 


=  recovery  of  the  stage 

=  number  of  stages 

Assume  the  recovery  of  all  the  stages  are  the  same 
We  can  rewrite  equation  (j)  where 


Rg  R^ 


■Rn- 


^  =  (^)  (R)^ 

(?) 

or 

p _ 

log 

N  =  ^Ps  ' 

(8) 

log  R 
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The  total  amplification  K-p  for  "parallel  connection"  is 

Kt  =■  )6p  (K)^  (9) 

Where  is  the  reduction  factor  and  it  is  a  function  of 

=  (N,  ^  ,  Z)  (10) 

The  series  inverted  connection  technique  utilizes  the  "vent"  flow 
which  is  inverted  in  polarity  with  respect  to  the  output  signal  as  the 
input  to  the  next  stage  as  shown  in  Figure  27.  Employing  this  technique 
it  is  possible  to  increase  the  network  gain  without  a  sigr.  change  (plus 
or  minus) . 

Performance  Comparison 


To  relate  the  characteristics  of  the  vortex  fluid  amplifier  to  con¬ 
ventional  fluid  amplifiers,  the  performance  characteristics  of  two  basic 
types  of  fluid  amplifiers,  "pressure  controlled"  and  "momentum  controlled", 
were  experimentally  investigated  under  identical  load  condition,  blocked 
load,  and  their  performauce  compared  to  the  data  obtained  for  the  vortex 
amplifier  utilizing  nondimensionol  parameters  as  the  common  denominator. 

The  results  of  this  investigation  are  summarized  in  Figures  28,  29  and  30** 

The  pressure  gain  capeibilities  are  presented  by  considering  only  the 
linear  portion  of  the  data  for  each  element  or  its  approximation,  and  the 
absolute  magnitude  of  the  signal  pressure  and  output  pressure.  The  per¬ 
formance  of  the  "momentum  controlled"  unit  is  inverted  to  permit  a  uniform 
presentation  of  the  data.  The  pressure  gains  of  the  "pressure  controlled", 
"momentum  controlled"  and  "vortex  controlled"  were  9^  10,  and  60  respec¬ 
tively  at  a  supply  pressure  of  50  psia.  At  supply  pressures  of  TO  psia, 
the  pressure  gains  were  11,  16,  and  I50  respectively. 

The  pressure  recovery  characteristics  are  presented  as  a  function  of 
two  nondimensionol  quantities:  pressure  ratio  and  Reynolds  number.  The 
percent  recovery  as  a  function  of  pressure  ratio  varies  from  100  percent 
to  5^  percent  for  the  "pressure  controlled"  unit,  100  percent  to  5^  per¬ 
cent  for  the  "momentum  controlled"  unit  and  100  percent  to  8C  percent  for 
the  "vortex  controlled"  unit.  For  comparison  of  pressure  recovery  at 


*It  should  be  pointed  out  that  the  units  used  for  comparison  were  fabri¬ 
cated  by  The  Marquordt  Corporation  in  accordance  with  available  data. 
Variation  in  fabrication  may  account  for  differences  in  measured  per¬ 
formance  characteristics. 
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laminar  and  turbulent  flow  conditions,  percent  pressure  recovery  is  pre¬ 
sented  as  a  function  cf  Reynolds  number  (Nr)  Figure  30*  It  was  assumed 
that  Nr  <  4000  represents  laminar  flow  and  Nr  >  4000  turbulent  flow. 

The  response  characteristics  of  the  three  fluid  amplifiers 
("momentum  controlled",  "pressure  controlled",  and  "vortex  controlled") 
were  similar.  The  frequency  response  can  be  represented  by  a  first 
order  lag  transfer  function  (G  =  K^[l  +  TS] )  with  a  time  constant,  T, 
as  a  function  of  the  internal  volume  of  the  element  and  the  supply 
pressure  ajid  pressure  drop.  The  predominent  factor  controlling  the  time 
constant  was  the  internal  volume.  With  similar  plenum,  the  time  con¬ 
stants  were  .l8  second,  .008  and  .012  seconds,  respectively  for  the 
three  units. 

Conclusion 


The  perform?ince  characteristics  of  the  vortex  fluid  amplifier,  as 
indicated  by  this  preliminary  investigation,  confirms  its  application 
to  systems  and  networks  with  high  load  impedance  find  demonstrates  the 
application  of  vorticity  phenomena  to  pure  fluid  amplification.  Addi¬ 
tional  work  should  be  followed  to  xncrease  its  scope  of  application  and 
formulate  the  mathematical  model  for  the  entire  range  of  operation. 
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FREQUENCY  RESPONSE  -  VORTEX  AMPLIFIER 
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FREQUENCY  RESPONSE  -  VORTEX  AMPLIFIER 
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SIGNAL  TO  NOISE  RATIO -VORTEX  AMPLIFIER 
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SCHEMATIC  DIAGRAM  OF  VORTEX  AMPLIFIER 
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THREE  STAGE  "SERIES"  CONNECTION  CIRCUIT 
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N 


P 

S 


Pj  =  SIGNAL  PRESSURE 

P  =  POWER  SUPPLY 
s 

P  =  OUTPUT  PRESSURE 
0 

V  =  VENT 


FIGL'RE  26 


TWO  STAGE  "SERIES-INVERTED"  CONNECTION  CIRCUIT 
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PRESSURE  GAIN  CHARACTERISTICS  -  LINEAR  REGION 
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PRESSURE  RECOVERY 
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ABSI’RACT 


Exj)erlmental  studios  were  conducted  to  determine  performance  character¬ 
istics  of  a  fluid  throttle  In  which  secondary  air  Is  injected  upstream  of  the 
nozzle  throat  tangentially  to  the  wall  so  as  to  produce  a  vortex  In  the  con¬ 
verging  section.  Conservation  of  angular  momentum  requires  that  the  swirl 
which  Is  produced  by  the  Injection  must  Increase  through  the  convergent  sec¬ 
tion  of  the  nozzle.  As  a  result,  the  axial  flow  mto  Is  reduced  by  the  flow 
being  forced  to  follow  a  helical  path  ol’  continuously  decreasing  pitch  and 
by  the  loss  In  total  pressure  resulting  from  the  viscous  turbulent  mixing  of 
the  secondary  and  primary  flows.  Data  are  presented  shoving  static  pressure 
at  the  wall  ?ind  pitot  pressure  along  the  centerline  of  the  cylindrical  cham¬ 
ber  ahead  of  the  nozzle  as  a  function  of  injectant  total  pressure.  Tne  effect 
of  the  number  and  area  of  the  injection  ports  and  of  the  Injection  Mach  number 
on  the  throttling  effectiveness  of  the  vortex  throttle  Is  also  presented. 

Tne  data  are  coraprired  with  on  approximate  Invlscld  theory  for  swirling  flow 
through  a  nozzle  and  its  applicability  to  predicting  vortex  throttle  perfor¬ 
mance  Is  discussed.  Finally,  the  data  for  the  vortex  throttle  are  compared 
with  the  data  for  a  fluid  throttle  In  which  air  was  injected  Into  the  throat 
of  a  similar  nozzle  from  a  circular  annulus  radially  and  upstream  at  angles 
of  60  and  deg  relative  to  the  direction  of  flow. 


INTRODUCTION 


Methods  for  controlling  mass  flow  by  pneumatic  means  are  frequently  an 
Integral  paid  of  systems  using  fluid  amplification  elements.  Two  types  of 
these  no-moving- part  fluid  throttles  have  been  proposed.  Throttling  action  Is 
achieved  in  one  type  by  reducing  the  effective  flow  area  of  the  throat  of  a 
nozzle  by  Injecting  secondary  fluid  In  an  approximately  radial  direction  from 
an  annulus  surrounding  the  throat.  This  throat  Injection  throttling  scheme 
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has  been  studied  and  reported  (Ref.  l)  as  applied  to  the  rocket  thrust  magni¬ 
tude  control  problem.  Throttling  or  flow  modulation  is  achieved  in  a  second 
type  from  the  effects  resulting  from  establishing  a  free  vortex  in  the  con¬ 
verging  section  of  a  nozzle.  With  no  control  flow  present,  the  primary  flow 
enters  the  vortex  chamber  ahead  of  the  nozzle  and  passes  through  the  nozzle 
with  little  resistance.  When  a  control  flow  is  injected  tangentially  to  the 
wall  of  the  chamber,  a  vortex  is  established.  The  effective  resistance  to  the 
primary  flow  is  increased  through  the  rise  in  back  pressure  created  by  the 
intensification  of  the  swirl  through  the  converging  section  of  the  nozzle. 
Because  of  the  high  pressure  drop  from  the  outer  circumference  of  the  vortex 
chamber  to  the  centerline,  the  throttling  characteristics  of  this  device  are 
dependent  upon  the  location  of  the  primary  flow  inlet  in  the  vortex  chamber. 

In  most  applications  conceived  to  date  (Ref.  2),  the  primary  flow  is  intro¬ 
duced  radially  into  the  vortex  chamber,  that  is,  perpendicular  to  the  axis  of 
the  nozzle.  In  the  throttle  considered  in  this  study,  the  primary  flow  is 
introduced  on  the  axis  of  the  vortex  chamber.  One  possible  advantage  of  the 
use  of  radial  primary  Inflow  is  that  higher  back  pressures  can  be  produced 
at  the  periphery  of  the  vortex  for  control  of  the  primary  stream,  while  a 
disadvantage  is  that  the  resistance  to  the  primary  flow  at  zero  control  flow 
is  higher  than  for  the  one  considered  in  this  study. 

Theoretical  analysis  of  the  vortex  throttle  is  complicated  by  the  strong 
viscous  interactions  and  turbulent  mixing  between  the  secondary  and  primary 
streams.  An  approximate  solution  for  the  potential  swirling  flow  through  a 
nozzle  has  been  published  (Pef.  3)  and  is  useful  In  that  it  may  represent  an 
upper  bound  of  what  can  be  achieved  under  ideal  conditions  even  though  it  does 
not  consider  the  actual  physical  mechanism  by  which  the  swirl  is  imparted  to 
the  flow  ahead  of  the  nozzle.  Since  theory  is  not  developed  to  the  stage  of 
being  useful  in  predicting  the  performance  characteristics  of  the  vortex 
throttle,  it  is  generally  necessary  to  determine  experimentally  the  optimum 
throttle  design  for  a  particular  application. 

Tne  object  of  this  UAC  Research  Lfiboratorles '  Corporate- sponsored  study 
was  to  study  experimentally  the  general  performance  and  pressure  characteris¬ 
tics  of  a  vo’'tex  fluid  throttle  in  which  the  primary  air  stream  is  Introduced 
into  the  vortex  chamber  at  the  axis  of  the  nozzle. 


EXPERIMENTAL  PROGRAM 


A  schematic  diagram  and  photograph  of  the  vortex  throttle  model  tested  in 
the  experimental  program  are  presented  in  Figs.  1  and  2,  respectively.  Primary 
air  was  Introduced  into  the  cylindrical  chamber  ahead  of  the  nozzle  through  a 
bellmouth  located  on  the  axis  of  the  cylindrical  chamber.  A  bucket-shaped 
baffle  plate  was  located  approximately  3  In-  from  the  bellmouth  exit  in  order 
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to  break  up  a  free-Jet  that  was  created  by  the  primary  flow.  The  cylindrical 
chamber  preceding  the  nozzle,  termed  the  vortex  chamber,  had  a  length  to 
diameter  ratio  of  2.7  and  was  Joined  through  a  smooth  contour  to  the  conver¬ 
gent  exhaust  nozzle.  The  diameter  of  the  throat  of  the  nozzle  and  of  the  vor¬ 
tex  chamber  were  2  In.  and  6  in.,  respectively.  The  secondary  control  air  or 
Injectant  flow  from  the  bellmouth  was  supplied  through  h  hoses  to  the  plenum 
chamber  surrounding  the  vortex  chamber  (see  Fig.  2).  The  secondary  air  was 
injected  through  rectangular  ports  located  around  the  periphery  of  interchange¬ 
able  injection  Inserts.  A  photograph  of  a  typical  Insert  is  shown  in  Fig.  2 
and  the  geometrical  characteristics  of  the  inserts  tested  are  summarized  in 
the  following  table: 


Insert  No.  of  Ports,  N  Width  of  Ports,  b  Total  Injection  Area,  A| 


3 

h 


0.8  in. 


0.423  In.^ 


0.4P6 


h 

h 


0.545 

0.747 


As  shown  in  Fig.  1,  wall  static  taps  and  centerline  pitot  probes  were 
located  approximately  3*0,  6.0,  and  8.5  in.  upstream  of  the  injection  ports. 

An  additional  pitot  probe  was  located  9»5  in.  upstream  of  the  injection  ports 
and  directed  tangentially  in  order  to  sense  the  tangential  component  of  veloc¬ 
ity  at  that  station.  Static  pressures  were  also  measured  at  the  wall  of  the 
nozzle  throat  and  in  the  vacuum  chamber  downstream  of  the  nozzle.  The  primary 
and  injectant  flow  rates  were  measured  using  bellmouths  having  0.5  and  0.75  in. 
diameters,  respectively. 

Air  having  a  stagnation  temperature  of  approximately  80  F  and  a  dew  point 
of  less  than  -20  F  was  Introduced  into  the  primary  and  secondary  flow  bell- 
mouths  ’'om  a  400  psia  compressor  capable  of  continuously  delivering  5  Ib/sec. 
For  these  tests  the  air  was  throttled  so  that  maxim im  total  pressures  for  the 
primary  and  secondary  flow  were  approximately  I30  and  110  psia,  respectively. 
Tno  flow  from  the  nozzle  was  exhausted  into  a  4  in.  diameter  cylindrical 
chamber  that  was  evacuated  by  laboratory  vacuum  pumps. 

Tests  were  conducted  by  increasing  the  injectant  flow  rate  in  small  incre¬ 
ments  while  maintaining  a  constant  primary  flow  rate.  The  flow  through  the 
primary  bellmouth  was  generally  choked  ord  nominal  values  of  0.10,  0.1^,  and 
0.30  Ib/sec  were  tested.  Initial  Increments  in  injectant  flow  rate  were  about 
0.08  Ib/sec  and  were  increased  with  increasing  injectant  flow  rate  to  incre¬ 
ments  of  about  0.15  Ib/sec  at  the  raoxlm'um  flow  rates  ol  about  O.9O  Ib/sec. 

Tests  were  conducted  for  both  a  constant  exhaust  pressure  of  approximately 
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1.0  psla  and  a  variable  exhaust  pressure  in  which  the  ratio  of  the  exhaust 
pressure  Pe  to  the  wall  static  pressure  Pyy  was  held  constant  at  values  of 
0.6,  0.7>  and  0.8. 


DISCUSSION  OF  RESULTS 


Pressure  Characteristics 

Pressure  characteristics  of  the  vortex  throttle  are  presented  in  Figs.  3 
through  7-  Figure  3  shows  the  centerline  pitot  pressure  and  the  wall  static 
pressure  as  a  function  of  the  injectant  total  pressure  Py,  for  axial  stations 
Xu  located  3-0,  6.0,  and  8.5  ia.  upstream  of  the  injection  station.  The  tests 
were  conducted  at  a  constant  primary  flow  rate  Wp  of  0.15  Ib/sec  and  with 
an  insert  having  a  total  injection  area  of  0.5^^5  in.  .  It  is  noted  that  the 
wall  static  pressures  were  nearly  independent  of  axial  position  and  tended  to 
increase  linearly  with  the  total  pressure  of  the  injectant.  In  contrast,  the 
centerline  pressures  exhibited  a  nonlinear  variation  with  injectant  pressure 
and  increased  slightly  vdth  upstream  position.  The  centerline  pressures  were 
essentially  the  static  pressures  induced  by  the  vortex  since  tr.e  high  contrac¬ 
tion  ratio  of  the  nozzle  resulted  in  a  nominal  axial  Mach  number  ahead  of  the 
nozzle  of  only  O.065  so  that  the  ratio  ol'  the  static  to  total  pressure  of  the 
axial  co.mponent  of  vel  city  was  0.997-  Comparison  of  the  wall  and  centerline 
pressures  shows  that  a  relatively  strong  vortex  was  Induced  upstream  of  the 
Injection  position  ?ind  t.hat  its  strength  was  diminished  only  slightly  over 
the  length  of  the  vortex  chamber  through  viscous  dissipation.  Fu  ther  evi¬ 
dence  of  the  high  strength  of  the  Induced  vortex  is  the  fact  that  for  this  test 
condition  a  tangential  Mach  number  of  0.'^i3  -xlsted  at  a  position  j  =9-5  iu. 
and  0.5  in.  fro.m  the  will  at  an  Injectant  total  pressure  ol’  84.5  psla. 

Tie  effect  of  the  area  of  the  Injection  ports  on  the  pressure  at  the 
centerline  and  at  the  wall  for  axial  station  =  3.0  in.  is  presented  in 
Fig  4.  For  this  case  the  primary  flow  has  a  constant  value  of  V\/p  =  0.15 
Ib/sec.  Both  the  centerline  and  wall  pressure  Increased  slgnl f icantly  with 
injection  area  at  a  given  value  of  Injectant  pressure.  Aithougii  not  shown, 
both  the  centerline  and  wall  pressure,  and  hence  the  strength  ol’  the  vortex, 
have  been  found  to  correlate  very  well  with  injectant  weight  flow  at  a  con¬ 
stant  value  of  primary  flow.  For  the  three  cases  s.aown  in  Fig.  4  the  Injec¬ 
tant  flow  was  choked  for  Pj,  ^10  psla  so  that  I’or  this  range  of  injectant 
pressure  the  Injectant  flow  rate  was  proportional  to  the  Injectant  total 
pressure  Pj  ^  and  a  flow  coefficient.  The  I’low  cocl’flclent  is  the  ratio  cf 
the  actual  mass  flow  rate  through  the  port  to  the  mass  flow  rate  at  the  same 
pressure  conditions  for  the  ideaj.  case  in  which  there  woj'.  .  be  no  boundary 
layer  or  flow  separation  on  tiic  wails  of  the  port.  Tie  I’low  coefficient  ol’ 
the  injection  ports  was  foun  ■' o  be  about  0.78d  for  all  cases  in  wriic’ri  the  flow 


was  choked.  T/plcal  values  for  the  flow  coefficient  of  a  contoured  nozzle  or 
bellmouth  would  be  between  0.97  0.99-  relatively  low  value  for  the 

small  rectangular  injection  ports  results  from  the  fact  that  the  inlets  to 
the  ports  had  sharp  edges  rather  than  a  smooth  contoured  surface. 

The  centerline  pitot  pressure  and  the  wall  static  pressure  at  the 
Xg  =  3-0  in.  station  are  presented  in  Fig.  5  For  several  values  of  primary 
flow  rate.  Data  are  shown  for  constant  primary  flow  rates  of  0,  0.15,  eind. 
0.30  Ib/sec  in  which  the  area  of  the  injection  port  was  0.5^5  in.^.  Again, 
as  also  noted  for  the  case  presented  in  Fig.  3,  the  static  pressure  at  the 
wall  increased  nearly  linearly  with  injectant  pressure  at  each  of  the  primary 
flow  rates  in  the  range  which  the  injection  flow  was  choked  -  0-523) 

and  increased  uniformly  with  primary  flow  rate  at  a  given  injectant  pressure. 
Fro.n  Fig.  5  ^-t  in  apparent  that  the  centerline  pressure  exhibits  a  greater 
sensitivity  to  the  prim-ary  flow  rate  than  does  the  wall  static  pressure  and 
that  Liie  nonlinear  variation  of  centerline  pressure  with  injectant  pressure 
is  proluced  by  the  primary  flow,  '^ese  effects  on  the  centerline  pressure 
are  due  mainly  to  the  primary  flow  being  forced  into  the  low  pressure  core 
of  the  vort'=*x  by  the  large  radial  pressure  gradient. 

For  the  data  presented  in  Figs.  3  through  5  the  eximust  pressure  had 

a  constant  value  of  about  1.0  psla  so  that  the  axial  flow  through  the  nozzle 
remained  choked  at  all  times.  Figure  6  presents  the  variation  of  the  center¬ 
line  pitot  pressure  and  waJ.1  static  pressure  with  injectant  pressure  and  shows 
the  effect  of  holding  the  ratio  of  exhaust  pressure  to  wall  static  pressure 
Pf  /Pw  constant  at  several  values  for  which  the  nozzle  was  unchoked.  The  data 
show  that  the  centerline  pressure  ahead  of  the  nozzle  was  lower  than  the 

exhrust  pressure  Pf  (seen  by  comparing  P(;l  with  the  corresponding  value 
of  P^  multiplied  by  the  value  of  Pf  /P^  )•  For  these  tests  in  which  the  nozzle 
was  unchoked  it  is  apparent  that  tne  flow  was  reversed  along  the  axis  of  the 
nozzle  since  the  exhaust  pressure  Pf  was  greater  than  the  centerline  pres¬ 
sure  PfL  at  Xy  =  3-0  in.  It  is  Important  to  recOjgnize  that  reverse  flow 
may  be  created  in  a  nozzle  which  is  initially  unchoked,  and  a  nozzle  w’hlch 
is  initially  choked  may  become  unchoked  in  the  core  region  through  the  action 
of  the  vortex.  The  static  pressure  outside  the  nozzle  then  can  propagate 
through  the  nozzle  to  affect  the  flow  In  the  vortex  chamber. 

Tne  variation  of  the  wall  and  centerline  pressure  at  X ^  =3-0  in.  and 
of  the  static  pressure  Pp  In  the  inlet  duct  of  the  primary  flow  with 
injectant  flow  rate  at  zero  primary  flow  rate  is  presented  In  Fig.  7-  It  is 

noted  that  these  pressures  correlate  very  veil  with  the  injectant  flow  rate. 

Tne  throttling  effectiveness  of  the  vortex  throttle  probably  depends  on  the 
manner  in  w-hlch  the  primary  flow  is  introduced  into  the  vortex  chamber.  Con¬ 
sider  a  case  in  which  the  primary  flow  would  be  Intrc.'uced  into  the  vortex 
chamber  through  a  port  having  on  area  larger  thr.m  that  of  the  nozzle  and  with 
the  back  pressure  in  the  primary  flow  inlet  equal  to  the  static  pressure  at 
the  wall  of  the  vortex  chamber.  As  the  injectant  flow  rate  is  increased. 
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the  primary  flow  rate  would  be  reduced.  Tne  primary  flow  would  be  chut  off 
when  the  static  pressure  at  the  wall  equals  the  total  pressure  In  the  primary 
flow  source.  For  the  geometry  of  the  test  model  and  the  slope  of  the  wall 
static  pressure  curve  In  Fig.  'J ,  the  primary  flow  would  be  shut  off  when  the 
ratio  of  the  Injectant  flow  rate  to  the  Initial  primary  flow  rate  (for  a  choked 
nozzle)  before  injection  Is  O.Uo.  On  the  other  hand,  the  throttle  effective¬ 
ness  can  be  interpreted  from  the  standpoint  that  the  primary  flow  enters 
through  a  small  inlet  on  the  axis  of  the  chamber  as  on  the  test  model.  From 

the  slope  of  the  Pp  curve,  the  ratio  of  the  Injectant  flow  to  initial  pri¬ 

mary  flow  when  the  primary  flew  is  shut  off  would  be  9-72.  'i^lle  this  ratio 
appears  to  be  relatively  large,  it  is  directly  depen  lent  upon  the  area  of  the 

O 

primary  flow  port  (in  this  case  Ap  =  O.I96  in.  ).  If  the  measured  value  ol’ 
the  inlet  pressure  Pp  is  independent  of  the  area  of  the  inlet  port,  then 

the  ratio  ol  W, /\Ap  when  the  primary  I’low  is  shut  off  would  be  O.bOJ  A^g/Ap 

for  ApSAf^.  Actually,  the  slope  of  the  Pp  curve  is  affected  somewhat  by 
the  diameter  of  the  primary  flow  inlet  port  since  this  pressure  adjusts  to 
some  average  value  over  the  port.  Tills  can  bo  seen  in  Fig.  7  ''diere  the  pres¬ 
sure  Pp  Is  noted  to  be  between  the  pressure  at  Ir.’^  wall  and  the  pressure  on 
the  centerline  at  X^,  =  8.5  in.  If  the  vortex  throttle  Is  to  be  used  as  a  flow 
rate  control,  rather  than  a  pressure  contrul  for  a  constant  primary  flow  rate, 
the  vortex  throttle  may  operate  more  effectively  if  the  primary  flow  is  Intro¬ 
duced  at  the  periphery  of  the  vortex  chamber. 


Welg'at  Flow  Characteristics 

Tne  primary  and  injectant  weight  flow  characteristics  of  the  vortex 
throttle  are  presented  in  Figs.  8  tlirough  11.  For  the  data  presented  in 
these  fig  ires  the  flow  through  tiie  nozzle  was  ciioked  tuid  for  a  given  set  ol’ 
dat?i  the  primary  flow  rate  was  constant.  A.  noted  In  the  previous  discussion 
the  inject-int  flow  w'as  generally  unchokel  I’or  Injectant  pressures  loss  tiuuu 
10  psia;  the  exact  injectfint  pressure  at  wnich  the  flow  became  choked  was 
dependent  upon  the  area  of  tiie  injection  ports  an  i  the  {)riniary  flow  rate. 
Before  examining  these  results  in  detail,  it  Is  necessary  to  discuss  tdie 
signl  fic'ince  of  the  parameters  that  ar-^  employed  in  the  figures.  In  Figs. 

8  and  ')  both  the  primary  'ind  Injectant  flow  rates  are  nonnailzed  with  respect 
tc  a  weight  flow  parameter  A*  .  Iliis  parameter  Is  equivalent  to  the  flow 
rate  thro  igh  th*^  nozzle  of  the  throttle  for  a  choked  flow  condition  at  a 
reference  pressure.  For  the  general  case  in  which  the  th.rottle  is  operated 
from  a  p..rnary  flow  soiree  ha/ing  a  constant  total  pressure,  trie  primary 
flow  ratio  \N  p  /  'A  is  employed  to  represent  the  ratio  of  the  instanttmeous 
primary  flow  rate  to  the  primary  flow  rate  when  the  Injectant  I’low  Is  zero, 
'ifldien  the  throttle  is  sufiplled  by  a  primary  iTow  source  having  a  constant  flow 
rate,  as  was  the  sase  for  the  th.rottle  tested  in  this  study,  then  the  flow 
parameter  must  be  based  on  some  rcl’eronce  pressure.  For  the  data  presented 
in  Figs.  3  through  11  the  parameter  W*  Is  based  on  the  wall  static  pressure, 
that  is,  the  throttle  is  considered  as  a  pressure  control.  Consequently, 
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the  primary  flow  ratio  Wp  /  W*  Is  a  parameter  which  Is  Inversely  proportional 
to  the  static  pressiore  on  the  wall  of  the  vortex  chamber.  Although  not  shown, 
the  primary  flow  ratio  Wp/W*  was  found  to  correlate  with  the  Injectant  flow 
ratio  W'l  /Wp  for  a  given  injection  configuration,  that  is,  independent  of  the 
primary  flow  rate  Wp  .  Therefore,  '^ven  though  a  given  set  of  data  were 
measured  at  a  constant  primary  flow  rate  Wp  ,  the  primary  flow  ratio  Wp/W* 
of  the  data  presented  in  Figs.  8  through  11  nay  also  be  lntei*preted  as  the 
reduction  in  primary  flow  rate  (W*  constfint)  for  a  vortex  throttle  in  which 
the  flow  rate  and  pressure  of  the  primary  flow  are  related  in  such  a  way  that 
the  static  pressure  at  the  wall  of  the  vortex  chamber  remains  constant.  As 
will  be  shown,  employing  the  parameter  W*  is  also  useful  for  showing  the 
effects  of  the  injection  port  area  and  the  injection  Mach  number  on  the 
throttling  effectiveness. 

The  variation  of  the  ratio  of  the  primary  flow  ratio  Wp/W  with  the 
Injectant  flow  ratio  W,  /W'  is  presented  in  Fig.  8  and  shows  the  combined 
effect  of  vary-ing  injection  area  and  injection  Mach  number.  Improved  throttling 
performance  is  indicated  for  decreasing  area  of  the  injection  ports.  This 
increased  throttle  effectiveness  probably  can  be  attributed  to  the  fact  that 
the  effective  injection  Mach  number  M,*  increases  with  decreasing  injection 
area  ns  Indicated  in  Fig.  8.  Actually,  since  the  injection  poi'ts  were  not 
contoured  to  a  convergent-divergent  shape,  the  injected  flow  probably  remained 
at  the  supersonic  Mach  number  M,  at  m07t  for  a  distance  equivalent  to  ten 
tir.es  the  height  of  the  injection  port  and  then  shocked  down  to  the  local 
static  pressure.  Tn is  suggests  however  that  improved  throttle  performance 
may  be  achieved  by  using  convergent-divergent  ports  so  as  to  expand  the  Injec¬ 
tion  flow  Isentropically  to  supersoni.c  Mach  numbers.  Use  of  this  supersonic 
Injection  technique  would  also  improve  operating  efficiency  by  reducing  the 
total  pressure  loss  of  the  injectant. 

Tne  two  graphs  in  Fig.  9  show  the  Influence  of  the  primary  weight  flow 
and  of  the  number  of  injection  ports  on  the  weight  flow  parameters.  Doubling 
of  the  primary  weight  flow  is  seen  to  have  no  slgnlficaiit  Influence  on  the 
effectiveness  of  the  throttle.  The  second  graph  shows  that  only  a  very  slight 
Improvement  in  the  throttling  performance  was  realized  when  the  number  of 
injection  ports  was  increased  from  three  to  four  while  the  total  area  of  the 
injection  ports  was  held  constant. 


Analytical  Considerations 

An  approximate  solution  for  swirling  potential  flow  through  a  nozzle  is 
presented  in  Ref.  3-  Since  potential  flow  is  assumed,  the  tangential  velocity 
is  Inversely  proportional  to  the  radius.  Therefore  the  tangential  velocity 
Increases  with  decreasing  radius  until  the  pressure,  and  there^'ore  the  density, 
become  zero.  The  value  of  this  minimum  radius  below  which  the  flow  ceases  to 
exist,  and  hence  the  effectiveness  ol‘  the  throttle,  is  related  to  the  magnitude 
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of  the  swirl  Imparted  to  the  flow.  The  chief  assumption  In  this  solution  Is 
that  the  radial  component  of  velocity  is  zero,  so  the  boundary  condition  that 
the  flow  must  be  tangent  to  the  nozzle  wall  Is  not  exactly  satisfied.  In 
addition,  the  Important  viscous  effects  and  the  physical  mechanism  by  which 
the  swirl  Is  Imparted  to  fluid  are  not  considered.  Despite  this  departure  of 
the  assumed  flow  model  from  the  actual  flow  process,  the  theory  Is  useful  In 
that  It  may  represent  an  upper  bound  of  the  throttling  effectiveness  that  can 
be  achieved  under  the  most  Ideal  conditions. 

A  co.mparison  between  the  measured  and  predicted  ef fectlvnesss  of  the 
vortex  throttle  Is  presented  In  Fig.  10.  Again,  the  experimental  results  must 
be  Interpreted  either  as  a  pressure  control  for  a  constant  primary  flow  rate 
or  as  a  flow  control  for  a  throttle  in  w'hlch  the  pressure  and  flow  rate  of  the 
primary  flow  are  related  in  such  a  way  that  the  static  pressure  at  the  wall 
remains  constant.  In  co-nparlng  the  data  with  the  theory  the  total  mass  flow 
through  the  nozzle  must  be  considered,  that  Is,  the  sum  of  the  primary  and 
secondary  flows.  Plotting  the  data  on  this  basis  shows  In  Fig.  10  that  the 
total  flow  parameter  (W,  +  A'p  )/W*  approaches  asymptot  1  cally  a  value  of  about 
0.^3  with  Increasing  .njectact  flow  rate.  On  the  otner  hfini,  the  theory  pre¬ 
dicts  that  the  total  flow  parameter  is  directly  related  to  the  tjuigential  Mach 
number  at  the  wall  of  the  nozzle  throat.  It  is  noted  in  Fig.  10  that  the  data 
apparently  approach  a  value  of  throttle  effectiveness  equivalent  to  that  pre¬ 
dicted  for  a  throat  tangential  Much  number  slightly  less  tium  0.7*  Hence  the 
comparison  of  the  data  with  the  theory  may  also  indicate  that  Improved  throttle 
effectiveness  may  be  possible  with  supersonic  Injection.  This  increase  in 
the  tangential  Mach  number  of  t.ie  flow  could  be  attained  through  the  use  of 
contoured  injection  ports. 


Comparison  of  Performance  Cnaracterlstics  of  Fluid  Tnrottles 

Tne  perform.ance  characteristics  of  fluid  throttles  generally  are  strongly 
depen  lent  upon  the  relationship  between  the  inlet  pressure  ?ind  flow  rate  of 
the  primary  and  secondary  flows.  Consequently,  the  inlet  flow  conditions  must 
be  clearly  defined  wiien  comparing  the  performance  characteristics  of  two  types 
of  fluid  throttles.  In  certain  applications  the  total  pressure  of  the  primary 
flow  may  be  constant  so  that  the  flow  rate  is  variable  or  the  flow  rate  may  be 
constant  so  that  the  total  pressure  is  variable.  Also,  a  combination  of  tnese 
tw’o  conditions  may  exist  as  in  the  case  of  applying  a  fluid  throttle  to  control 
the  thmst  magnitude  ol’  a  solid  propellant  rocket  engine.  Since  the  burning 
rate  of  the  propellant  Is  proportional  to  the  chamber  pressure  raised  to  a  con¬ 
stant  power  (termed  the  fuel's  pressure  exponent).  Increasing  the  Injectant 
flow  rate  not  only  increases  the  pressure  of  the  primary  flow  source  but  also 
increases  the  primary  mass  flow  rate  through  increased  burning  of  the  propellant. 
In  the  case  oi’  the  vortex  throttle  the  presentation  of  general  p<^'rformance 
curves  is  further  complicated  by  tiie  large  variations  in  pressure  and  velocity 
througiiout  the  v'ortex  chamber  which  result  in  the  throttle  perform^ince  being 
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depc*ndent  upon  the  way  In  which  the  primary  flow  is  introduced  into  the  vor¬ 
tex  chamber.  In  fact,  basic  studies  of  free  vortex  flow  in  cylindrical  cavi¬ 
ties  have  shown  that  due  to  end  wall  effects  the  characteristics  of  the 
vortex  Itself  are  strongly  dependent  upon  the  geometry  of  the  chamber.  Hence 
the  presentation  and  comparison  of  fluid  throttle  data  represents  a  difficult 
problem  and  one  that  requires  further  investigation. 

Comparison  with  the  Throat  Injection  in.uid  Throttle 

Test  data  for  a  fluid  throttle  in  which  air  was  injected  into  the  throat 
of  a  nozzle  from  a  circular  annulus  radially  and  upstream  at  angles  of  60  and 
^5  deg  relative  to  the  direction  of  flow  are  presented  in  Fig  11.  These  data, 
which  were  measured  in  conjunction  with  a  previous  test  program  at  the  Research 
Laboratories,  are  for  a  model  having  nozzle  and  tank  dimensions  identical  to 
those  of  the  model  used  for  the  vortex  throttle  studies.  It  was  found  that 
injecting  the  control  fluid  into  the  throat  of  the  nozzle  increased  the  pres¬ 
sure  uniformly  throughout  the  chamber  ahead  of  the  nozzle.  Tne  throttling  per¬ 
formance  was  Independent  of  radial  location  at  which  the  primary  flow  was 
Introduced  into  the  chamber  ahead  of  the  nozzle.  Ti^ereforo,  the  data  for  the 
throat  injection  throttle  may  be  interpreted  either  as  a  device  that  controls 
the  primary  flow  from  a  constant  pressure  primary  flow  source  or  for  one  that 
controls  the  pressure  in  the  chamber  when  the  primary  flow  rate  is  constant. 

Of  the  three  injection  angles  considered,  it  is  seen  in  Fig.  11  that  the  best 
throttling  j)erformance  was  obtained  when  the  control  air  was  injected  at  the 
intermediate  angle  of  60  deg. 

A  comparison  between  the  throat  injection  throttle  and  the  vortex  throttle 
also  is  shovn  in  Fig.  11.  Because  the  data  of  the  vortex  throttle  model 
CJinnot  be  related  to  the  total  pressure  of  the  prlrmary  flow  for  a  general  con¬ 
figuration,  the  throttle  effectiveness  of  the  two  devices  c'\n  only  be  directly 
compared  in  the  case  of  a  pressure  control  for  a  constant  primary  flow  rate 
or  as  a  flow  regulator  for  the  case  in  which  the  pressure  and  flow  rate  of  the 
primary  flow  are  related  so  that  the  static  pressure  at  the  wall  of  the  vortex 
chamber  remains  constant.  The  data  in  Fig.  11  show  that  for  small  values  of 
the  injection  flow  ratio  A',  /W*  the  throat  injection  throttle  is  considerably 
more  effective  th'ui  the  vortex  throttle.  Tne  greater  effectiveness  of  the 
throat  injection  throttle  at  low  values  of  injection  flow  ratio  is  due  to  the 
fact  that  the  Injectont  operates  directly  on  the  primary  flow  to  reduce  the 
effective  throat  area  of  the  nozzle  wliereas  the  ^njectarit  of  the  vortex 
throttle  operates  indirectly  on  the  primary  flow  by  Imparting  swirl  to  It. 

As  a  result,  the  vortex  throttle  does  not  become  more  effective  than  the 
throat  injection  throttle  until  the  injectant  flow  ratio  is  large  enough  to 
establish  a  strong  vortex  in  the  converging  section  of  the  nozzle.  The  depen¬ 
dence  of  the  vortex  throttle  effectiveness  upon  the  strength  of  a  well- 
established  vortex  also  accounts  for  the  high  degree  of  nonlinearity  exhilblted 
by  the  data. 
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LIST  OF  SYMBOLS 


2 

A|  Total  area  of  injection  ports,  in. 

Afg  Cross-sectional  area  of  nozzle  throat,  3-1^  in.^ 

o 

Ap  Cross-sectional  area  of  primary  flow  bellmouth,  O.I96  in.^' 

b  Width  of  injection  ports,  0.8  in. 

Mj*  Effective  Mach  number  of  injection  flow 

Mt  Mach  number  of  tangential  velocity  at  wall  of  nozzle  throat 

N  Number  of  injection  ports 

PcL  Pitot  pressure  on  centerline  of  chamber  ahead  of  nozzle,  psla 

Pg-  Exhaust  pressure  in  chamber  downstream  of  nozzle,  psla 

Pp  Static  pressure  upstream  of  primary  flow  bellmouth,  psla 

Pyv  Static  pressure  at  wall  of  chamber  ahead  of  nozzle,  psla 

Tf  Total  temperature,  deg  R 

P  A 

W*  Flow  rate  parameter,  0.532  - ,  Ib/sec 

V  Tj 

W,  Injectant  flow  rate,  Ib/sec 

Wp  Primary  flow  rate,  Ib/sec 

Xu  Distance  upstream  from  center  01  injection  ports,  in. 

B\  Angle  between  injectant  flow  and  axis  of  nozzle  for 

throat  injection  throttle  (see  Fig.  ll),  deg 
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FIGURE  I  SCHEMATIC  DIAGRAM  OF  VORTEX  THROTTLE  TEST  RIG 


TYPICAL  INSERT  SHOWING  INJECTION  PORTS 

FIGURE  2  PHOTOGRAPHS  OF  VORTEX  THROTTLE  TEST  RIG 
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WALL  STATIC  PRESSURE,  Pyu  ,  PSIA  CENTERLINE  PITOT  PRESSURE,  Ppi  ,  P3IA 


AREA  OF  INJECTION  PORTS  A,  -  0  545  IN* 
PRIMARY  FLOW  RATE  Wp  i  015  LB/SEC 
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INJECTANT  TOTAL  PRESSURE  ,  Pyj  ,  PSIA 


FIGURE  3  PRESSURE  CHARACTERISTICS  IN  VORTEX  CHAMBER 
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WALL  STATIC  PRESSURE  ,  Py.  .  PSIA  CENTERLINE  PITOT  PRESSURE  ,  Pr,  ,  PSIA 


PRIMARY  FLOW  RATE  Wp  =  0  15  LB/SEC 
AXIAL  STATION  X^  -  30  IN 
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FIGURE  4  EFFECT  C-  AREA  OF  INJECTION  PORTS  ON  CENTERLINE 
PITOT  PRESSURE  AND  WALL  STATIC  PRESSURE 
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WALL  STATIC  PRESSURE,  Pyy  ,  PSIA  CENTERLINE  PITOT  PRESSURE,  Pp .  ,  PSIA 


AREA  OF  INJECTION  PORTS  A,  =  0.545  IN* 
AXIAL  STATION  Xy  -  3  0  IN. 


FIGURE  5  EFFECT  OF  PRIMARY  FLOW  RATE  ON  CENTERLINE 
PITOT  PRESSURE  AND  WALL  STATIC  PRESSURE 
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WALL  STATIC  PRESSURE,  Puu  ,  PSIA  CENTERLINE  PITOT  PRESSURE,  Pn  ,  PSIA 


INJECTANT  TOTAL  PRESSURE  ,  Pjj  ,  PSIA 


FIGURE  6  EFFECT  OF  EXHAUST  PRESSURE  RATIO  ON  CENTERLINE 


PITOT  PRESSURE  AND  WALL  STATIC  PRESSURE 
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PRESSURE,  PSIA 


PRIMARY  WEIGHT  FLOW  Wp  =  0 
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FIGURE  7  PRESSURE  CHARACTERISTICS  AT  PRIMARY  FLOW  SHUTOFF 
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PRIMARY  ^WEIGHT  FLOW  RATIO,  Wp/W 


FIGURE  8  EFFECT  OF  AREA  OF  INJECTION  PORTS  ON 
WEIGHT  FLOW  CHARACTERISTICS 
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PRIMARY  WEIGHT  FLOW  RATIO,  Wp/W 


FIGURE  9  EFFECT  OF  PRIMARY  FLOW  RATE  AND  NUMBER  OF 

INJECTION  PORTS  ON  WEIGHT  FLOW  CHARACTERISTICS 


Mi 


TOTAL  WEIGHT  FLOW  RATIO 


POTENTIAL  FLOW  THEORY,  REF  3 


INJECTANT  WEIGHT  FLOW  Wj  ,  LB/SEC 


FIGURE  10  COP^PARISON  OF  VORTEX  THROTTLE  DATA  WITH 
AN  APPROXIMATE  POTENTIAL  FLOW  THEORY 
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PRIMARY  WEIGHT  FlOW  RATIO.  Wp  /  W 
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INJECTANT  FLOW 
THROAT  INJECTION  THROTTLE 


INJECTANT  WEIGHT  FLOW  RATIO,  W|/W* 


FIGURE 


II  COMPARISON  OF  VORTEX  THROTTLE  WITH 
THROAT  INJECTION  THROTTLE 


CHARACTERISTICS  OF  CCUNTEH -VORTEX  CSCILUTCRS 

by 

Turgut  Sacrpkflya 

Dnl varsity  of  Nebraska*  Lincoln*  Nebraska 


ABSTRACT 


The  characteristics  of  the  vortex  motion  created  two  vortices 
rotating  in  opposite  directions  in  an  axially  symmetrical  vortex  tube 
are  investigated.  Various  geometrically  similar  units  were  constructed 
and  tested  with  air  as  the  working  fluid.  The  median  pressures*  the 
amplitude  and  the  frequency  of  the  pressiire  oscillations  at  the  two 
vortex  chambers  were  determined.  It  is  found  that  only  the  unique  com¬ 
binations  of  pressure  at  the  two  vortex  chambers  produce  oscillations 
of  constant  amplitude  and  frequency.  There  appears  to  be  a  linear 
relationship  between  the  two  pressures. 

The  initial  vortex  motion*  while  irrotational  immediately  after 
entry  into  the  vortex  tube*  does  not  stay  irrotational*  but  transforms 
itself  piartly  to  rotational  flow  as  it  proceeds  along  the  connecting 
tube.  The  chanj^e  ftom  one  flow  to  the  other  is  due  to  viscosity.  The 
rotational  flow  has  the  lesser  amount  of  useful  kinetic  energy.  The 
amplitude  of  the  pressure  oscillations  Increases  with  decreasing  lengths 
of  the  connecting  tube  while  the  inverse  is  true  for  the  frequency.  The 
characteristics  of  the  coim ter -vortex  motion  are  strongly  dependent  on 
the  ratio  of  the  tangontial  velocity  to  the  axial  velocity  at  the  jet 
origin,  l/hen  this  ratio  is  sufficiently  large  the  axial  velocity  rever¬ 
ses  its  direction  near  the  jet  axis. 


INIRODXTION 


The  possible  use  of  a  counter -vortex  oscillator*  referred  to  here¬ 
after  as  a  CVO  unit*  as  a  diode  in  fluid- jot  amplifiers  requires  an 
evaluation  of  the  instability  of  the  counter-vortex  motion  and  of  the 
frequencies  and  pressure  oscillations  associated  with  it.  The  tangen¬ 
tial  air  jet  introduced  at  the  upstream  chamber  creates  a  vortex  the 
strength  of  which  remains  nearly  constant  as  the  vortex  enters  into 
the  connecting  tube  of  a  smaller  cross-section.  Due  to  increased  tan¬ 
gential  velocity*  however*  the  pressure  drops  very  rapidly,  Vi  thin  the 

connecting  tube  the  energr  loss  is  basically  due  to  viscous  and  turbulent 
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energy  dissipation  t  and  the  rate  of  fall  of  pressure  is  nearly  uniform. 

In  the  dcwnstrean  chamber  the  vortex  rotates  in  a  direction  opposite  to 
that  of  the  upstream  vortex.  The  velocity  distribution  in  the  radial 
direction  is  such  that  the  velocity  decreases  with  increasing  radial 
distance.  At  a  radial  distance  approximately  equal  to  the  radiiis  of 
the  connecting  tube  the  velocity  of  the  upstream  vortex  may  be  smaller 
or  larger  than  that  produced  by  the  downstream  vortex  at  the  same  radius. 
When  the  two  velocities  are  nearly  Identical  the  rotation  at  the  core 
of  the  downstream  vortex  tends  to  becocoe  unstable  and  changes  its  direc¬ 
tion  of  rotation  with  fairly  regular  frequencies  similar  to  the  manner 
in  which  a  rocker  wheel  operates  in  a  watch. 

Despite  the  fact  that  the  vortex  tube  is  a  very  simple  device 
which  has  no  moving  parts  but  consists  merely  of  two  chambers  and  a 
length  of  stral^t  tubing*  there  is  to  date  no  theoretical  analysis  of 
the  instability  associated  with  the  motion  thus  produced.  One  obvious 
reason  for  this  is  the  extreme  complexity  of  the  axially  symmetrical 
unsteady  motion  within  and  outside  of  the  CVO  unit. 

Vortex  tubes  of  various  kinds  have  attracted  the  attention  of 
researchers  in  the  past#  particularly  for  their  use  in  producing  hot 
and  cold  air  simultaneously.  Such  a  vortex  tube*  called  a  Ranque-Hilsch 
tube*  has  been  investigated  very  exhaustively.  Although  there  is  a  large 
amount  of  experimental  data  available*  none  of  the  various  hypotheses 
advanced  are  fully  able  to  explain  the  characteristics  of  this  particular 
tube.  In  the  present  study  it  was  decided  to  approach  the  problem  as 
systematically  as  possible  by  carrying  out  the  experiments  on  geometri¬ 
cally  similar  units.  Experiments  wore  performed  with  air  and  water 
although  only  the  experironta  conducted  with  air  are  reported  herein. 

The  results  irosented  in  thiis  paper  represent  the  initial  portion  of 
these  investigations  which  were  undertaken  as  part  of  a  general  investi¬ 
gation  of  the  performance  of  counter-vortex  oscillators  being  conducted 
for  the  Harry  Diamond  Laboratories  under  Contract  DA-49"186-AMC-51(X), 


ANALYTICAL  CONSIDERATIONS 


Apything  approaching  an  exact  analytical  treatment  of  the  counter- 
vortex  osciUatOT  gives  every  indication  of  being  quite  complicated. 

The  ccanplexity  of  the  flow  problem  in  the  vortex  is  undoubt^ly  further 
increased  in  tiie  case  of  gases  by  the  fact  that  rather  hi^  temperat\n*e 
gredients  can  exist  in  the  radied  direction  as  the  velocities  approach 
supersonic  values. 

A  theoretical  flow  model  for  the  spiral  vertex  motion  is  presented 
in  Fig.  1,  The  upper  portion  of  the  figin*e  shows  the  unit  divided  into 

14H 


three  zooeat  the  connecting  tube?  the  upstream  and  downstream  chambers. 

Inlet 


distance  along  the  unit 

Fig,  1  Flow  model  €ind  the  pressure  distribution  for  a  CVO-unlt 


Also  shown  in  this  portion  of  the  figure  are  typical  velocity  profiles  at 
various  axial  stations  along  the  unit.  At  the  upstream  chamber  the  vcxrtex 
motion  is  unaffected  t  at  least  not  to  any  significant  amountt  by  the  vis¬ 
cous  resistamcet  and  a  relationship  between  the  wall  static  pressure  and 
the  characteristics  of  the  vortex  may  be  derived,  Ihe  axial  component  of 
the  velocity*  'U-  is  independent  of  r  in  the  irrotational  portion  of  the 
vortex  motion. 


The  dlfferentied  pressxxre  according  to  equations  of  motion  is  given 


With  the  assumption  of  Isentropic  flow  and  constant  toted  temperature* 
the  energy  equation  becomes* 

-  V  dV  (2) 

P 
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Substituting  E)q.  (2)  into  Fiq,  (1)  results  in 


(3) 


The  relationship  between  and  can  be  written  aa 


or 


Substituting  Into  Bq, 


(3)  yields 


dV 

ua 

dr 


(4) 


(5) 


Noting  the  fact  that  2  n  V  .  jr  *  P 

vl  V  U 


constant*  one  has 


2 


(6) 


or  V  «  constant, 

ua 


Having  shown  that  the  axial  component  of  the  velocity  Is  constant* 
we  C£in  determine  the  wall  static  pressure  as  follows i  For  isentropdc 
flow  and  constant  total  temperature*  density  and  temperatva^  are  related 
by 


•  (-»-)  Y-l  (7) 

since  the  total  energy  in  a  stream  tube  must  be  equal  to  that  In  any 
other  stream  tube  *  we  have 


(8) 
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Combining  F^a.(l)»  (7)t  and  (8)t  resulta  In 


dp.g 


4  TT^ 


1  - 


1 

Y-l 


(9) 


Integrating  between  the  Undta  r  and  t  and  p..^  and  p._  *  one  haa 

uc  uw  uo  uw 


1 

- 

y2  ,  'u 

p  -  p 

'^uc_ 

1  ^ 

"ua  4^ 
uo 

p 

o 

2  C  T 

P  O 

0  m 

± 

Y-l 

(10) 


In  order  to  verify  experimentally  the  validity  of  Bq,  (10)*  one  needs  to 
know  the  core  radltis  r  and  the  core  pressure  p^^,  ITie  other  variables 
can  either  be  measured  directly  or  determined  from  the  mass  Influx  and 
the  tangential  entrance  velocity.  The  ninljnum  radius  at  which  a  free 
vortex  flow  can  exist  la  given  by  the  following  expresslond) 


**uc 


(11) 


Ftiysicidlyf  this  radius  reporesents  the  point  at  which  the  static  pressure 
p^c  A  value  of  zero  psla  and  corresponds  to  the  core  radius.  In  reality f 
however  t  the  core  forms  at  a  larger  radius  since  zero  pressure  can  never 
be  realized.  Furthermore t  the  upstream  vortex  is  partly  choked  depending 
on  the  conditions  prevailing  at  tiie  exhaust  at  the  downstream  chamber. 
Experiments  have  shown  that  the  value  of  p^^varled  between  0,5  psla  and 
0,7  psla.  The  observed  and  the  calculated  values  of  I^^agree  fairly  well 

only  if  the  calc\ilated  values  of  r  ^  through  actually  observed  p  ^  values 

uc  uc 

az*e  \ised. 


For  velocities  well  within  the  subsonic  range  a  simpler  incompress 
ible  flow  analysis  yields* 


PuM~  Rje-  9^ _  r  ^  _  2) 


(12) 
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Although  E)qs,  (10)  and  (12)  may  also  be  applicable  to  the  time -averaged 
values  of  the  dcvnstream  chambCT  for  the  two  flow  ranges  cited »  an  exper 
Lmental  T'eriflcation  to  this  effect  is  not  possible  because  of  the  diffi 
cultyf  if  not  impossibility*  of  the  determination  of  the  core  radiijs  and 
the  lack  of  understanding  of  the  interaction  region  of  the  two  opposing 
vortices. 

The  expressions  developed  above  are  for  that  region  of  the  tube* 
relatively  near  the  entrance*  where  viscosity  effects  are  neglifible. 

As  the  flow  proceeds  down  the  connecting  tube*  viscosity  effects  begin 
to  take  oyer*  and  the  free  vortex  changes  into  a  forced  vortex.  Using 
Kassner's'2'  concept  of  shear  stress  in  circular  turbulent  flow*  we  have 

T  .  r;,  ♦  p  c)  (  ^  -  ^)  (13) 

mt  or  r 


Since  the  velocity  distribution  at  the  entrance  into  the  connecting  tube 
is  given  by  I  2nT  *  Bq,  (13)  reiuces  toj 

-  2  (M  *  pC)  ~  (14) 

mt  ^  T 


The  mOToent  of  the  shearing  force  acting  on  an  annular  element  of  fluid 
a  distance  r  firoin  the  axis  is  found  to  be* 


M  *  -  2  (Ai  ♦  pc)!;; 


(15) 


which  is  Independent  of  r  and  constant  as  long  as  remains  constant. 

This  renders  the  sum  of  Internal  elemental  moments  different  than  zero. 

Since  there  is  no  external  tcrque  applied  to  the  flow  upon  entrance  to 

the  connecting  tube  *  the  sum  of  internal  moments  must  be  zero.  In  other 

words*  the  flow*  while  irrotational  immediately  after  entry  into  the 

vortex  tube*  does  not  stay  irrotational*  but  changes  into  something 

else  so  as  to  satisfy  the  above  reoviirement.  That  this  something  else 

is  rotational  flow  can  bo  seen  by  applying  tl.e  equations  of  rotational 

flcwi  Since  the  characteristic  eqxaation  for  the  rotational  flow  Isi 

V  ^  r  *  it  follows  that  dV  .  /dr  «  «  ^  v  .  /r  »  and 

jnt  mt 


2!t  (M  *  pO(-:^  ”  “^)  dr 
dr  r 


0 


Thus  *  rotational  flow  is  the  stabler  form  of  flow  to  which 


the  initial 
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flow  tranafonns  itself  t  even  both  flows  satisfy  the  conservation 

of  energy  principle.  The  rotational  flowt  however*  has  the  lesser 
anount  of  useful  kinetic  enerQr.  The  inner  layers*  having  too  much 
kinetic  energy*  transfer  part  of  their  energy  to  the  outer  layers  by 
being  slowed  down.  The  process  of  conversion  ends  with  rotational  flow 
being  attained  near  the  tube  exit.  The  gradual  conversion  from  irrota- 
tional  to  rotational  flow  causes  a  gradral  rearrangement  in  velocity 
and  enerfy  distribution.  Consequently,  the  wall  static  pressure  and  the 
strength  of  the  vortex  decrease  along  the  connecting  tube.  In  view  of 
the  fact  that  the  distribution  of  velocity*  shear  stress*  inlet  and 
outlet  pressixres  and  the  variation  of  P  and  p  are  difficult  to  estimate  * 
neither  the  equation  of  momentum  in  the  axial  directions 

/*p  dA  ♦  /p  dA  -  fp  dA  -  /p  dA  =  rx  2nr  dx  *  Co  ir 
J  ^  J  J  amw  m  ar  o  ® 

UZD  mn  Hni  XBU 


nor  the  equation  of  angular  mooentum  for  the  tangential  direction  i 

V,  Vt  ,2  dr  dx  -  Cj  V2  ^ 

mm 


help  to  evaluate  the  appropriate  resistance  coefficients.  These  equations 
do*  however*  point  out  the  noed  ajid  the  importance  of  the  measurement  of 
various  internal  characteristics  of  the  flow  within  the  connecting  tube 
as  well  as  in  the  upstream  and  dewnstream  chambers. 


EXraiRIMENTAL  EQUIHffiNT  AND  mOCEDCRE 


The  experiments  were  conducted  at  the  hydrodynamics  Laboratory  of 
the  Department  of  Engineering  Mechanics  of  the  University  of  Nebraska, 


The  compressed  air  was  filtered  prior  to  its  Introduction  into  a 
eVO  unit.  Since  there  were  no  notioeabl?  pressure  oscillations  in  the 
upstream  chamber*  the  upstream  wall  jreraure  p^  was  measured  with  a 

calibrated  test  gage.  The  downstream  wall  pressure  the  total 

fluctuating  pressure  *  and  the  frequency  f  were  determined  through 

the  use  of  a  specially  delflgned  pressure  transducer  and  a  recorder, 

A  sample  recording  is  shown  In  Fig,  2,  FVom  these  recordings  it  was 
possible  to  determine  the  dependent  variables  cited  above  with  a  high 
degree  of  accuracy. 

ir)3 


The  experimental  procedure  adopted  wafl  as  follows  i  The  pressure 
p  was  set  at  a  certain  value*  then  the  paressure  was  increased 
gradually  until  an  oscillation  began.  *llie  pressure  was  then  increased 
to  see  if  the  oscillations  would  stop.  When  the  oscillations  stoppled* 

Pj^  was  reduced  slowly  to  the  point  whore  the  oscillation  started  again. 
Having  found  a  combination  of  pressures  p^  and  p^  >  p  was  reread  and 
recorded;  p^^  and  A were  obtained  from  the  reocrder^tracos .  In 
order  to  determine  the  frequency  f  accurately*  the  i*ecorder  was  run  at 
a  chart  speed  of  100  nn  per  second  for  about  five  seconds  and  the  cycles 
per  second  were  determined  ty  counting  the  osoiUationa  within  various 
time  intervals. 

The  units  used  in  the  tests  wore  constructed  of  various  materials* 
including  brass*  aluminum  and  plexiglass.  The  inner  surfaces  were 
p>ollshed  and  any  burs  that  may  have  been  created  during  the  drilling  of 
Jot  holes  and  pressure  taps  were  carefully  removed.  The  two  entrance 
jets  were  mcde  tangent  to  the  inner  wall  of  the  vortex  chambers.  The 
pressure  tape  at  the  upstream  and  downstream  chambers  were  drilled  in 
the  radial  direction  and  connected  to  pressure  measuring  devices  with 
short  tubes.  Pressure  taps  were  drilled  along  the  connecting  tube  to 
determine  the  pressure  distribution  and  the  energy  loss  along  the  tube. 
Figure  3  is  a  picture  of  some  of  the  units  and  of  the  connecting  tubes 
used  in  the  tests.  The  characteristic  length  ratios  of  various  CVO 
units  are  presented  in  Table  I, 


Fig.  2  Sample  recordings  of  pressure  oscillations  at  the  downstream 

vortex  chamber. 
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lAA  2.67  10.95  4.10  8  1 


2A 

2.67 

10.95 

4.10 

8 

1 

(25^  larger  than  lAA) 

2AA 

2.67 

10.95 

4.10 

10 

1 

(25/t  larger  than  lAA) 

IBB 

2.67 

13.50 

5.05 

8 

1 

2B 

2.67 

13.50 

5.05 

8 

1 

(25$  larger  than  IBB) 

2BB 

2.67 

13.50 

5.05 

10 

1 

(25%  larger  than  IBB) 

ICC 

2.67 

16.40 

6.16 

8 

1 

2C 

2.67 

16.40 

6.16 

8 

1 

{25%  larger  than  ICC) 

2CC 

2.67 

16.40 

6.16 

10 

1 

(25%  larger  than  ICC) 

IS 

2.67 

6.42 

2.41 

8 

1 

ISS 

2.67 

1.42 

0.53 

8 

1 

(  a  *  5A6  inch  and  kept  constant) 


Table-T  Charactorlstlo  length  ratios  of  various  CVO-units 

used  in  the  testa 


DISCDSSIOH  OF  RESULTS 


The  experimental  results  obteiinod  through  the  procediire  described 
above  were  plotted  in  various  dimensional  and  dimensionless  forms.  Included 
herein  are  only  the  representative  plots.  No  attempt  was  made  to  present 
all  the  data  obtained  for  the  sake  of  brevity. 

In  Figs.  4  and  5  vortex  chamber  pressures  and  p„.^  are  plotted  with 
respect  to  each  other  for  the  units  lAAt  2AAy  IS.  and  ISS,  The  scatter  of 
the  data  is  within  the  limits  of  experimental  accuracy.  Ibe  relationship 
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between  the  two  pressures  is  very  close  to  being  linear.  There  is»  however » 
a  slight  curvature  in  an  imaginary  line  connecting  the  test  points.  For 
practical  purposes  it  may  be  conclxxied  that  as  L/d  increases*  the  ratio  of 
increases.  This  is*  os  discussed  previously*  due  to  the  effect 
of  viscous  enerfy  dissipation  within  the  connecting  tube.  As  tlie  length 
of  the  connecting  tube  increases  the  final  strength  of  the  vortex  arriving 
at  the  end  of  the  connecting  tube  decreases.  Thl-?  in  turn  means  that 
the  strength  of  the  vortex  which  must  bo  created  at  the  downstream  chamber 
and  hence  the  pressure  must  be  smaller.  Consequently*  becomes 

larger  with  increasing  lengths  of  the  connecting  tube. 

Furthermore*  it  is  found  that  as  the  ratio  L/d  increases*  the  effect 
of  the  variation  of  D/dj  becomes  more  noticeable.  For  small  L/d  ratios* 
however*  the  variation  of  the  Jet  diameter  relative  to  the  chamber  dia¬ 
meter  does  not  appear  to  have  a  large  influence  on  the  relationship 
between  p^  and  p^^, 

Ihe  total  fluctuation  of  the  median  pressure  p^^  is  plotted 

with  respect  to  ptressure  pj^^  in  Fig.  6  and  7.  The  scatter  of  the  test 
data  is  somewhat  larger  than  otherwise  anticipxited.  This  is  partly  due 
to  the  difficulty  in  the  precise  determination  of  small  pressure  fluctuations. 
It  is  observed  that  for  a  given  p^^  *  increases  rapidly  at  first  and 
slowly  toward  the  end  as  L/d  decreases  tcward  its  limiting  valiie  of  zero. 

The  frequency  of  the  oscillations  determined  through  the  procedure 
described  previously  is  plotted  as  a  function  of  p^^  in  Pig,  8,  The  scatter 
of  the  experimental  data  is  larger  than  that  which  would  be  desirable. 

This  is  partly  due  to  the  supierpwsitlon  of  secondary  harmonics  on  the 
major  frequency  of  the  pulsations. 

In  concluding  the  discussion  of  the  experimental  data  it  suffices  to 
say  that  for  a  given  unit  a  definite  relationship  exists  between  the 
piarameters  *  pj^  *  frequency  f,  A  further  understanding 

of  the  various  relationshljM  existing  between  these  parameters  and  the 
establishment  of  design  criteria  require  the  detailed  experimental  analysis 
of  the  energy  dissipation  in  vortex  flow  along  the  theoretical  lines 
discussed  in  this  article. 


NOMENCLATIRE  Subscripts 


c 

a  coefficient 

a 

denotes  axial  direction 

c* 

speed  of  sound  at  Mach  1 

d 

downstream  direction 

Cp 

specific  heat  coefficient 

J 

Jet 

diameter  of  inlet  Jets 

m 

middle  section*  connecting  tube 

J 

t 

tangential  dlroctlon 

D 

diameter  of  vortex  chambers 

u 

upstream  chamber 

f 

L 

M 

frequency  of  oscillations 
length  of  connecting  tube 
moment 

V 

denotes  on  the  wall 
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p  irossuro 

p  pressure  fluctuation 
r  radial  distaree 
T  temperature 
V  velocity 


c  eddy  diffusivily 
p  density  of  fluid 
Y  ratio  of  specific  heats 
circulation 
/i  viscosity 
«  angular  velocity 
T  shear  stress 
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Pig,  6  Total  presstire  fluctiiatlon  voraua  median  pressure  in  downstream 

vortex  chamber. 
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Pig,  7  Total  pressure  fluctuation  versus  medicin  pressure  in  downstream 

vortex  chamber. 
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f  (frequancy) 


F^eqitsncy  of  pressure  oscillations  versus  the  pressure  In  the  upstream  vortex  chamber 


APPLICATION  TECFiNIWUEG 


FOR  PROPORTIONAL  PURI  FLUID  AMPLIFIERS 


by 

C.  A.  Belsterlin^’:  and  K.  C.  Tsui 
The  Franklin  Institute,  Phila. ,  Pa. 


ABSTRACT 


This  pafier  describes  a  program  of  experimental  and  analytical 
research  on  pure  fluid  amplifiers  currently  being  conducted  at  The 
Franklin  Institute. 

The  ultimate  objective  of  this  research  program  is  to  promote 
the  aj  plication  of  pure  fluid  devices  in  systems,  by  describing  those 
devices  in  terms  familiar  to  the  control  systems  engineer.  It  is  intended 
to  define  static  and  dynamic  analogies  of  network  j^aramete.  s,  equivalent 
electrical  circuits,  and  tx’ansfer  functions;  and  develop  analytical  and 
graphical  techniques  for  more  direct  system  analysis. 

To  date,  load  line  techniques  and  equivalent  circuits  for  both 
static  and  dynamic  cases  have  been  developed.  Experimental  tests  have 
verified  some  aspects  of  the  apj^roach.  The  program  is  making  good  progress 
toward  the  stated  objective  but  many  problems  have  yet  to  be  resolved. 


I.  INTRODUCTION 

This  paper  describes  a  program  of  experimental  and  analytical 
research  on  pure  fluid  amplifiers  currently  being  conducted  at  The  Franklin 
Insti tute. * 

The  concept  of  pure  fluid  amplification  covered  in  this  work 
was  invented  at  the  Diamond  Ordnance  Fuze  Laboi-atories  (now  Harry  Diamond 
Laboratories)  in  19^9  and  since  has  been  the  subject  of  the  research  and 
develo{)ment  efforts  of  a  large  number  of  other  agencies.  However,  in  spite 
of  the  lapse  of  yeai-s,  there  has  been  only  limited  success  in  applying  these 
devices  in  practical  systems.  We  believe  that  this  situation  can  be 
attributed  to  the  fact  that  most  of  the  effort  has  been  applied  to  analyzing 
the  fluid  mechanics  of  the  devices,  and  to  the  optimization  of  internal 


^Uupported  in  part  by  Harry  Diamond  Laboratories. 
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dinensions.  Limiteu  rffoi’t  has  been  devoted  to  descritinj;  performance 
from  an  external  (black  box)  point  of  view  as  required  in  systems 
application  and  this  in  terms  unfamiliai-  to  the  systems  desipn  engineer. 

The  ultirriate  objective  of  this  re  seai'ch  j  rogram  is  to  promote 
the  application  of  pure  fluid  devices  in  systems,  by  describing  those 
devices  in  terms  familiar  to  the  control  systems  'Engineer.  Most  control 
engineers  have  a  worKing  knowledge  of  vacuum  tube  and  transistor  circuits 
and  netwoi’k  theory.  Theuefore,  this  work  is  intended  to  de-fine’  static  and 
dynamic  analogies  of  netwoik  parameters,  equivalent  electrical  circuits 
and  transfer  functions:  and  d(velc{  analytical  and  graj.hical  techniques 
for  more  direct  system  analysis. 

This  re{)ort  cover's  preliminary  studies  of  both  the  static  ano 
ynamic  cases,  limited  to  two  different  amjlifier  designs.  We  develop 
hy]iothetical  techniques  through  a  r'clatively  'onsoj  histicated  treatment 
of  the  theory  and  prerferm  experimental  tests  to  correlate  with  predicted 
performanc('.  Later  phast'S  of  the  work  will  be  devoted  to  a  rigorous 
mathematical  treatment  and  the  corisioeration  of  second  order  effects. 

The  immediate  goal  is  to  demonstrate  the  aj{ roach  and  its  value  as  an 
application  aid. 


II.  Tffr.OHY 


A.  General  Ap p  roach 

In  this  phase  of  the  wor’k  we  have  taken  a  relatively  unsophisticated 
approach  to  developing  useful  application  techniques.  We  have  assumed 
complete  duality  with  vacuum  tubes  and  transistors,  arid  dfvelopied  grapliical 
characteristics  and  mathematical  techniques  aiorig  the  lines  of  a  well-KnowTi 
undergraduate  text^.  The  r'ej.atively  rigorous  methods  of  network  analysis 
have  thereby  been  avoided  but  it  is  obvious  that  once  the  basic  analogies 
have  been  established,  those  methods  will  also  be  applicable  to  pure  fluid 
amplifier  circuits. 

B.  Description  of  the  Lure  Fluid  Amplifier 

Comp  r<^hensive  descr'iptions  of  the  LOFL  t>qje  fluid  amp^lifiers  ar*"' 
given  by  others?  and  will  not  be  rf'peateu  h<  re.  A  simplified  description, 
adequate  for'  the  present  work,  is  included  for  comprlf'teness. 

The  basic  configuration  of  the  DOfT.-type  pure  fluid  amprlifier  is 
shown  in  Figure  1.  Iressur’ized  fluid  enters  the  supply  port  at  thf  bottom 
and  is  ejected  as  a  iiigh  velocity  jet  into  the  inter’action  chamber.  If  no 

T]  ELLCIkONIC  ENGIDI.LKIN  1  I  ItlNCIPli'.o ,  John  D.  Byder,  Prentice  Hall,  19L7. 

2.  "Fluid  Amprlification:  1.  Basic  Principles,"  Ic.  W.  Warren  and  S.  J. 
Peperone,  DOFL  Repor't  TH-1039,  15  August  1962. 
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pressure  difference  exists  between  opposite  sides  of  the  power  jet,  its 
centerline  will  strike  the  divider  and  equal  amounts  of  flow  will  enter 
the  two  uppjer  channels  and  exit  through  the  appropriate  output  ports. 

With  equal  restrictors  between  the  output  ports  and  the  sump,  the 
pressure  developed  at  the  output  ports  will  also  be  equal. 

If  a  pressure  difference  does  exist  between  opposite  sides  of 
the  power  jet  in  the  interaction  chamber,  a  force  is  present  which 
deflects  the  power  jet  so  mor^  fluid  exits  through  on“  output  port  and 
less  fluid  exits  through  the  ot‘' ^r.  With  equal  output  restrictors,  a 
pressure  difference  is  generated  between  output  ports.  Thus  a  control 
fluid  ejected  at  low  energy  into  the  interaction  region  can  control  the 
relatively  high  enerry  fluid  in  the  power  jet. 

Under  certain  conditions  in  the  interaction  region,  the  p:)Ower 
jet  itself  will  generate  pressures  on  either  side  which  are  in  unstable 
equilibrium.  In  this  case  the  jet  is  attracted  to  one  side  or  the  other 
without  external  control  and  the  amplifier  is  bistablf^.  Under  other 
conditions  the  effect  of  differential  pressures  generated  by  the  power- 
jet  itself  are  minimized,  and  the  power  jet  is  mainly  sensitive  to 
external  control.  In  this  case  the  action  is  pi’opoi’tional  and  the 
force  deflecting  the  control  stream  can  arise  from  two  sources,  (l) 
pressure  generated  by  the  contr-ol  soui'ce  or  (?)  momentum  of  the  control 
jet.  It  is  the  proportional  case  which  is  of  primary  interest  in  the 
present  study. 

C.  Graphical  Characteristics  of  the  Pure  Fluid  Amplifier 

Since,  like  the  vacuum  tube  and  the  transistor,  the  pui-e  fluid 
amplifier  is  a  nonlinear  device,  the  most  convenient  way  to  express  its 
characteristics  is  in  the  form  of  graphs.  This  avoids  the  need  for  having 
to  deal  with  the  internal  fluid  mechanics  and  at  the  same  time  embraces 
all  of  the  nonlinear  behavior.  The  pure  fluid  amplifier  is  more  comjjlex 
than  the  vacuum  tube  and  transistoi-  because  (l)  it  is  made  up  of  two 
active  elements  connect'"‘d  in  a  differential  circuit,  (?)  the  control  is 
a  function  of  differential  pressure  and/or  flow  and  (3)  the  control  is 
also  a  function  of  absolute  level  of  control  pressui-e  and/or  flow. 

In  the  fluid  amnlifier-  there  are  four  variables  of  interest, 
namely  (l)  input  (control)  pressure,  (?)  input  (control)  flow,  (3)  amplifier 
pressuie  drop,  and  (ii)  amplifier  load  flow.  Thus  we  must  generate  the 
characteristics  defining  the  r-elationship  between  (a)  control  flow  and 
control  pressure,  (b)  load  flow  and  amplifier  pressure,  and  (c)  control 
flow  or  control  pressui-e  and  load  flow  or  amplifier  pressure.  These 
relationships  will  then  be  sufficient  to  describe  amplifier  pei-formance. 

Referring  again  to  Figure  1,  i.he  load  circuits  of  the  pmre 
fluid  amplifier  can  be  described  in  terms  of  pressui-e  drop  across  each 
half  and  flow  out  of  each  output  port.  The  characteristics  will  theoretically 
be  independent  of  load  and  can  be  shown  as  a  family  of  curves  of  the 
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pressure  drop  versus  the  flow  for  each  half  vrith  control  pressure  or  flow 
as  the  parameter.  Note  that  these  curves  can  be  taker  exj-eri mentally  with 
flow  measuring  devices  with  greater  than  zero  impedance  if  the  abscissa 
is  amplifier  pressure  drop.  Also  note  that  if  the  unit  is  symmetrical 
and  balanced,  the  characteristics  of  one  side  are  sufficient  to  describe 
the  total  performance. 

The  first  question  which  arises  is  the  choice  of  control 
variable,  control  pressure  or  control  flow.  Since  we  intend  also  to 
determine  the  relationship  between  control  flow  and  control  pressure, 
the  choice  is  a  question  of  convenience.  Control  pressure  has  tentatively 
been  selected  because  experimental  plots  of  proportional  amplifiers  are 
typically  more  regular  with  respect  to  this  variable  and  it  is  more 
convenient  to  measure. 

In  selecting  the  most  useful  method  of  presenting  the  amplifier 
load  circuit  characteristics,  the  duality  with  vacuum  tube  and  transistor 
circuits  is  taken  into  account  and  the  result  is  illustrated  in  Figure  2. 
Here  the  load  circuit  characteristic  curves  of  the  left  half  and  the  right 
half  of  the  fluid  amplifier  are  plotted  independently  as  a  function  of 
control  differential  pressure.  We  prefer  to  retain  a  display  of  both 
halves  to  accommodate  the  conditions  encountered  with  an  unbalanced 
amplifier. 


These  characteristics  describe  the  relationship  between  (l) 
load  flow  and  amplifier  pressure  and  (2)  amplifier  pressure  and  control 
differential  pressure.  As  mentioned  previously,  the  performance  is  also 
a  secondary  function  of  the  absolute  (or  bias)  level  of  control  pressure. 
Therefore  to  be  complete,  the  load  circuit  characteristics  should  b(, 
three-dimensional  (surfaces),  with  bias  level  as  the  second  j)arameter. 

In  the  experimental  work  connected  with  this  study,  we  avoided  the  need 
for  a  third  dimension  by  plotting  separate  characteristic  curves  for  the 
various  bias  levels  used. 

In  addition  to  the  load  circuit  characteristics  showing  the 
relationships  between  load  flow,  amplifier  pressure  and  control  pressure, 
a  set  is  necessary  to  describe  the  input  circuit.  Since  we  must  be 
concerned  with  absolute  conditions  on  each  side  as  well  as  the  differential 
conditions  of  control,  it  is  necessary  to  plot  control  pressure  and 
control  flow  for  both  right  and  left  halves  as  shown  in  Figure  3.  It 
is  then  a  relatively  simple  matter  to  calculate  the  curve  for  differential 
pressure  versus  differential  flow,  if  it  is  of  interest.  Note  that  for 
these  input  characteristics  to  be  valid  in  defining  input  impedance 
according  to  rigorous  network  theory,  the  output  should  be  open  circuited 
or  held  constant. 

D.  Derivation  of  the  Performance  Parameters  of  the  Pure  Fluid  Amplifier 

Because  fluid  amplifiers  are  to  be  used  in  circuits  where  the 
signals  are  to  be  varying  about  a  given  operating  point,  their  behavior 
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can  be  described  in  terms  of  incremental  coefficients.  For  example 
referring  again  to  the  load  circuit  characteristics  in  Figure  2,  we 
can  see  that  for  a  given  control  differential  pressure an  incremental 
change  in  load  flow  Qql  will  cause  an  incremental  change  in  amplifier 
pressure  drop  Pa  and  the  slope  of  the  characteristic  is 


ZO  = 


constant 


(output  impedance) 


which  has  the  units  of  impedance  and  is  directly  analogous  to  the  plate 
resistance  rp  of  the  vacuum  tube. 

At  a  constant  level  of  load  flow  the  effectiveness  of  the 
control  differential  pressure  in  changing  the  amplifier  pressure 
drop  Pa  is 

(pressure  amplification  factor) 

constant 

This  ratio  is  dimensionless  and  is  directly  analogous  to  the  amplifica¬ 
tion  factor  p.  of  the  vacuum  tube. 


6P. 


Kp 


6P 


cd 


At  a  constant  level  of  amplifier  pressure  drop  the  effectiveness 
of  the  control  differential  pressure  Pq^j  in  changing  the  load  flow  Qql 
is 


6P 


cd 


(pressure  transconductance) 


P^  constant 


This  factor  has  the  units  of  conductance  relating  the  flow  in  the  load 
circuit  to  the  pressure  in  the  control  circuit.  It  is  directly  analogous 
to  the  mutual  conductance  in  the  vacuum  tube. 


A  glance  at  the  graphical  construction  of  these  coefficients 
on  the  characteristics  of  Figure  2  shows  that  Kp  =  GpZo  which  is  equivalent 
to  p.  ■  gmrp  in  the  vacuum  tube. 


Referring  now  to  Figure  3,  the  input  circuit  characteristics, 
a  change  in  input  flow  is  related  to  a  change  in  input  pressure  Pql 
by 


!!sil 

6«ClJ  Q(jl 


(input 

constant 


impedance) 
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which  has  the  dimensions  of  impedance  and  is  analogous  to  the  input 
impedance  of  a  vacuum  tube  amplifier  circuit, 

E.  Graphical  Performance  Analysis 

Taken  as  a  whole,  the  characteristics  of  the  pure  fluid 
amplifier  are  nonlinear.  When  operated  at  the  extremes  or  when  driven 
by  a  large  signal,  the  parameters  are  not  constant  and  the  output 
becomes  seriously  distorted.  The  graphical  method  of  performance 
analysis  perrdts  one  to  account  for  the  effects  of  these  nonlinearities 
without  complex  mathematics. 

Consider  the  circuit  of  Figure  U.  In  the  external  load 

circuit 


“  ^AL  *3ol2ll 


(1) 


V/hich  is  to  say  simply  that  at  every  value  of  load  flow  Qqj^  the  sum 
of  the  amplifier  pressure  pressure  drop  across  the  load 

QqlZll  inust  equal  the  supply  pressure  Ps»  Thus  on  the  characteristic 
curves  the  load  line  for  Zt.t.  can  be  plotted  with  one  intercept  (P^^^  “  0) 
*^QL  *  ^sAll  ^he  other  (Qql  “  0)  at  Pal  “  Ps»  At  all  intermediate 
points  the  load  line  follows  the  equation 


^AL  “  %  "  QqL^LL 


Note  that 


(2) 

(3) 


is  of  the  form  y  *  b  +  mx,  the  equation  of  a  straight  line  of  slope 
“1/Zll  and  intercepts  Pg  and  ?s/^LL*  However  in  the  case  of  the  fluid 
amplifier  Zll  is  not  usually  a  constant  and  the  coordinates  of  the  load 
line  must  be  plotted  point-by-point. 

In  Figure  5  we  show  a  typical  load  line  superimposed  on  the 
amplifier  characteristics.  It  is  now  a  relatively  simple  matter  to 
determine  the  performance  of  the  amplifier  as  follows. 

With  no  differential  control  signal  the  intersection  of  the 
load  line  and  the  P^^j  =  0  characteristic  defines  the  quiescent  or  stand-by 
level  of  the  left  and  right  output  ports.  If  either  the  amplifier  or  the 
load  restrictors  are  unbalanced,  a  difference  in  pressure  across  the 
load  restrictors  will  exist,  equal  to  the  difference  between  the  pressure 
coordinates  of  the  quiescent  point  of  each  half  of  the  amplifier.  If 
a  unit  of  control  differential  pressure  is  applied  in  the  positive 
sense  (PcL  >  Pcr)^  operating  point  of  the  left  half  will  move  along 
the  load  line  in  the  direction  of  decreasing  flow  to  the  P^d  ■  1  curve. 


171 


LOAD 

LIME 


fj  =  AMPLiP»« 


r 


The  operating  point  of  the  right  half  will  move  along  the  load  line 
in  the  direction  of  increasing  flow  to  the  *  1  curve.  The  pressures 
at  the  output  ports  of  each  half  are  defined  by  their  pressure  coordinates 
and  the  differential  output  pressure  will  be  the  difference  between  them. 
The  action  is  similar  but  opposite  when  a  negative  differential  control 
pressure  is  applied. 

By  solving  graphically  for  a  number  of  increments  in  Pcd  it  is 
possible  to  plot  the  transfer  curve  of  Figure  6  which  relates  differential 
output  pressure  to  differential  control  pressure  of  this  particular 
amplifier,  this  particular  load,  at  this  particular  bias  level  and 
supply  pressure.  Note  that  it  can  reflect  the  effects  of  the  nonlinear 
characteristics.  We  also  illustrate  the  technique  for  utilizing  the 
transfer  curve  for  determining  response  of  this  amplifier  circuit  to 
a  continually  varying  input  signal. 

Since  the  amplifier  characteristics  are  in  terms  of  differential 
control  pressure,  input  characteristics  were  not  necessary  to  the 
solution  of  this  simple  illustrative  problem.  However,  conditions  in 
the  input  circuit  can  be  analyzed  from  the  input  characteristics  of 
Figure  3  in  a  manner  similar  to  that  described  above. 

In  summary,  the  an^lifier  load  circuit  characteristics,  the 
load  line  and  the  amplifier  input  characteristics  are  sufficient  to 
describe  the  static  and  dynamic  performance  of  the  pure  fluid  amplifier 
in  a  practical  circuit, 

F,  Equivalent  Circuit  Performance  Analysis 

Although  the  graphical  methods  of  aralysis  are  truly  general 
and  are  equally  applicable  to  small  signal  amplification,  the  method 
involves  interpolation  and  reading  of  curves  and  the  accuracy  becomes 
generally  unsatisfactory,  A  second  convenient  method  of  analysis  involves 
the  assumption  of  linearity  for  operation  with  signals  of  small  amplitude, 
and  the  development  of  equivalent  electrical  circuits  of  generators  and 
impedances  which  can  be  analyzed  with  conventional  mathematical  techniques, 

1,  The  Complete  Equivalent  Circuit 

Prior  to  developing  the  equivalent  circuit  for  small  signal 
operation  it  is  first  necessary  to  make  an  intermediate  step.  That  is, 
to  describe  the  functioning  of  the  fluid  amplifier  in  complete  detail 
in  terms  of  equivalent  electrical  elements  (at  least  schematically). 

The  characteristics  of  the  elements  of  this  circuit  are  the  complete 
characteristics  and  the  elements  are  therefore  nonlinear.  Thus,  if  one 
wants  to  handle  the  large-signal  performance  analysis  as  a  nonlinear 
mathematical  problem,  this  equivalent  circuit  would  be  valid  and  adequate. 
It  will,  of  course,  include  the  quiescent  (or  bias)  conditions  and  is 
of  extreme  value  in  establishing  insight  into  the  behavior  of  the  amplifier 
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and  the  problems  of  cascading  stages. 

The  complete  equivalent  circuit  for  the  pure  fluid  amplifier  has 
been  developed  on  a  logical  basis  by  studying  the  theoretical  and 
experimental  behavior,  then  providing  circtiit  elements  and  interconnections 
which  will  behave  in  an  appropriate  manner.  The  results  are  illustrated 
in  Figure  7.  The  general  layout  is  directly  analogous  to  the  actual 
device,  and  each  element  represents  a  fluid  phenomenon.  The  power  supply 
is  a  pressure  source  developing  pressure  P  and  having  an  internal 
impedance  Z3,  The  pressure  Pq  appears  at  the  supply  port  of  the  amplifier, 
causing  a  power  jet  flow  Qj  through  the  power  jet  impedance  Zj  and  the 
branch  and  load  impedances  Zql,  Zt.t.  and  Zlr, 

In  each  branch  there  is  a  generator  with  a  gain  Kp  the  calculated 
amplification  factor,  Zql  and  Zqr  sre  the  reciprocals  of  the  slopes  of  the 
load  circ\iit  characteristics  at  the  operating  point,  Zj.t.  and  Zlj^  are  the 
reciprocals  of  the  slopes  of  the  load  restrictor  characteristics  at  the 
operating  point.  Zg  is  the  effective  impedance  of  the  bleed  ports  (if  used). 
The  generators  are  connected  differentially  and  driven  by  a  function  of  the 
differential  control  pressure,  P^^j.  Differential  output  pressure  Pq^j  is 
developed  at  the  amplifier  output  ports. 

In  the  control  circuit  we  have  the  internal  control  circuit 
impedance  for  each  side,  shown  in  two  sections,  one  linear  and  one  nonlinear, 
to  account  for  the  loss  in  gain  at  the  higher  bias  levels.  There  are  also 
zero  impedance  voltage  generators  to  simulate  the  suction  pressure  in  the 
interaction  region,  generated  by  the  power  jet  flow  Qj,  having  a  gain  of 
Kg,  Finally,  the  absolute  levels  of  control  pressure  Pql  and  Pqr  are 
applied  at  the  control  terminals  after  the  signal  has  passed  through  the 
line  impedance  Z^.  The  effects  of  internal  feedback  are  neglected, 

2.  The  Incremental  Equivalent  Circuit 

The  next  step  is  to  generate  the  linearized  equivalent  circuit 
for  small  signals.  Referring  to  the  complete  circuit  of  Figure  7^  we  have 
in  the  upper  branch  of  the  load  circuit 

P  *  Qj(Zs  +  Zj)  -  KpPcd  +  (Qol  -  +  Zll)  (h) 

and  in  the  lower  branch 

P  *=  Qj(Zs  +  Zj)  +  KpPcd  +  (Qor  +  AQor)(2oR'^  ^Lr)  (5) 

Subtracting  equation  (ii)  from  {$)  to  eliminate  the  steady  conditions  and 
assuming 

^0L“  ^OR  “  ^0  ^LL  “  \  “  ^^OR  “ 
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we  have 


2KpPrd  -  &Qo(2Zo  2Zl)  (6) 

This  represents  an  equivalent  electrical  circuit  with  a  generator  of 
output  2KpPj,jj,  an  internal  impedance  of  2Zq  and  a  load  of  2Zl, 

Similarly  in  the  control  circuits  we  have 

PCL  *  *  ^*3ql)Zcl  -(Qj  (7) 

and 

^CR  ■  “  (^CR  “  ^^CR^^CR  j^g 

Subtracting  equation  (8)  from  (7)  to  eliminate  steady  conditions  and 
assuming 

APcl  “  ^R  *  ^c  AQcl  “  ^Qqr  '  ^^c  ^CL  *  ^CR  “ 

we  have 

2APc-2AQcZc  (9) 

If  we  define  the  differential  pressure  P^jj  *  2  APc  and  the  differential 
flow  Q(,(j  *  2AQc>  then  equation  9  expresses  the  conditions  in  an  electrical 
circuit  with  a  generator  of  P^^^j  and  an  impedance  Z^. 

Thus  the  linearized  incremental  equivalent  circuit  can  be 
drawn  as  illustrated  in  ^'igure  8, 

3.  The  Dynamic  Equivalent  Circuit 

Considering  the  dynamical  problem  in  more  detail,  we  note 
that  all  the  impedances  in  Figiire  8  can  have  significant  reactive 
components  and  the  response  of  the  equivalent  generator  can  involve 
significant  lags.  Analysis  of  the  amplifier  configuration  and  experimental 
dynamic  performance  has  led  us  to  hypothesize  the  dynamical  equivale^J; 
circuit  shown  in  Figure  9. 


In  the  input  circuit,  Zi  is  the  impedance  of  the  circuits 
leading  to  the  control  ports,  Rc  is  the  static  input  impedance  and  C^ 
is  the  equivalent  capacitance  due  to  the  compression  and  displacement 
of  the  volume  of  fluid  internal  to  the  amplifier.  The  response  of  the 
amplifier,  represented  by  the  transfer  function 


170 


179 


Fic^  8-  Linearized  incremental  equivalent  Circuit 
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appears  as  a  delay  due  to  transit  time  of  the  particles  in  the  powei-  jet. 
Other  delays  due  to  viscosity  or  compressibility  in  the  interaction 
chamber  have  been  neglected.  At  the  output  channels  of  the  amplifier 
we  have  the  equivalent  capacitance  of  the  internal  volume  fed  by 
the  static  output  impedance  Rq.  In  the  external  circuit  there  are  the 
equivalent  capacitance  Cl  (due  to  the  volume  of  the  air  in  the  output 
circuits)  and  the  resistive  component  of  the  load  Rl. 

In  applying  these  equivalent  circuits  to  analyze  the  small-signal 
performance  of  an  amplifier,  the  operating  point  is  first  determined  from 
either  the  graphical  characteristics  or  the  complete  equivalent  circuit. 

The  values  of  the  parameters  Z^,  Kp,  Zq  and  Zl  at  that  point  are  calculated 
as  constants.  The  quantities  are  then  inserted  into  the  linearized 
equivalent  for  circuit  analysis  by  well-known  methods.  The  equivalent 
circuit  approach  is  particularly  valuable  in  the  treatment  of  external 
feedback  paths,  cascaded  stages  and  dynamic  circuits. 


III.  EXPERIMENTAL 


A,  Experimental  Amplifiers 

Two  amplifiers  of  radically  different  design  were  used  in  the 
experimental  phase  of  this  work.  One  was  a  relatively  large  unit  with  a  0,07 
X  0.50  inch  power  nozzle  fabricated  in  the  machine  shop  of  The  Franklin 
Institute.  The  second  had  a  power  nozzle  0.02  x  0,05  inches,  was 
fabricated  by  Corning  Glass  and  supplied  to  us  by  the  Harry  Diamond 
Laboratories, 

B.  Test  Circuits 


The  experimental  circuit  for  static  tests  is  shown  in  Figure  10, 
Fixed  restrictors  calibrated  against  laboratory  Rotameters  were  used  to 
measure  flow. 

The  experimental  circuit  for  dynamic  tests  is  shown  in  Figure  11, 
Length  of  lines  to  pressure  transducers  and  trapped  volumes  in  the  input 
and  output  circuits  were  kept  to  a  minimum.  The  function  generator  is  a 
pneumatic  Wheatstone  bridge  containing  two  nozzles  impinging  on  a  motor- 
driven  wobble-plate. 


IV.  TEST  RESULTS 

Typical  characteristic  curves  for  the  experimental  amplifiers 
are  shown  in  Figures  12  and  13.  Figure  ll^  is  the  frequency  response  of 
the  HDL  933  amplifier. 

In  Figures  l5  and  16  the  performance  of  the  experimental 
amplifier  is  correlated  with  performance  calculated  by  the  load  line 
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Fig  11- schematic  op  dynamic  test  circuit 
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techniques  under  static  conditions.  Using  the  incremental  equivalent 
circuit  under  static  conditions  it  has  been  possible  to  predict  performance 
for  various  loads,  supply  pressures  and  bias  levels  with  an  average 
accuracy  of  Difficulty  is  encountered  when  the  loads  are  extremely 

different  from  those  used  in  plotting  the  characteristics. 

Figure  17  shows  the  correlation  using  the  equivalent  circuit 
technique  under  dynamic  conditions.  To  this  date  we  have  been  successful 
in  predicting  the  effect  of  changes  in  the  load  circuit  only. 


V.  CONCLUSIONS 

In  conclusion,  the  analytical  and  graphical  techniques 
developed  in  the  present  research  program  show  promise  of  being  a 
convenient  and  valid  method  for  defining  a  proportional  fluid 
amplifier's  characteristics  and  predicting  its  in-circuit  performance. 
When  they  have  been  refined  and  verified  (especially  in  the  dynamic  case) 
these  techniques  should  be  of  great  value  in  promoting  the  application  of 
pure  fluid  amplifiers  in  control  systems. 
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STATIC  DESIGN  OF  PNEUMATIC  LOGIC  CIRCUITS 


by 

H.  T.  Saglxifi 

IBM  General  Products  Division 
Development  Laboratory 
Endicott,  New  York 


ABSTRACT 

This  paper  describes  the  static  design  of  pneumatic  logic  circuits  using  jet  ampli¬ 
fiers.  The  design  approach  is  presented  in  the  graphical  form  for  better  visualization  of 
circuit  operations.  Basically,  we  are  concerned  with  o  generalized  logic  circuit  which 
is  modified  to  build  resistor  and  diode  AND  and  OR  blocks.  Initially,  two  algebraic 
circuit  equations  are  derived  for  the  output  network  of  this  generalized  block.  Then,  the 
existence  of  a  focus  point  for  the  switching  points  (a  useful  property  of  the  input  network) 
is  demonstrated.  Finally,  the  graphical  design  approach  of  several  resistor  and  diode  logic 
circuits  is  presented. 

The  result  of  the  analysis  Is  the  qualitative  determination  of  an  over-all  relationship 
between  fan-in,  instability  distance,  switch  points,  and  input  impedance  of  the  attachment 
amplifier.  From  these  relationships  a  theoretically  ideal  input  characteristic  was  evolved 
which  would  result  in  circuit  design  flexibility  as  well  as  maximum  fan-in  for  o  given 
instability  region . 

Logical  properties  of  the  mono-output  and  duo-output  fluid  jet  amplifiers  are  also 
discussed  in  terms  of  several  possible  pneumatic  logic  systems. 


I  INTRODUCTION 

Operation  of  the  attachment  fluid  jet  amplifier  is  inherently  digital;  this  characteristic 
makes  it  suitable  for  the  implementation  of  pneumatic  logic  circuits.  The  pneumatic  jet  ampli¬ 
fier  is  considered  as  a  four-port  device  whose  characteristics  are  determined  experimentally. 
Then,  static  analyses  of  pneumatic  circuits  using  this  amplifier  are  presented  in  terms  of  a  set 
of  hypothetical  characteristics  which  are  similar  to  the  experimental  curves.  To  eliminate 
confusion  in  presenting  the  methods  of  arxi  lysis,  manufacturing  tolerance  effects  are  not 
included  in  the  determination  of  the  circuit  operating  points. 


II  PNEUMATIC  AMPLIFIERS 

Based  on  the  attachment  and  the  amplification  phenomena,  many  different  pneumatic 
amplifiers  can  be  designed.  However,  from  the  standpoint  of  logical  design  only  two  types 
of  amplifier  elements  are  needed  —  a  decision  element  and  a  memory  element.  The  "decision 
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elemenf"  is  used  In  mechanizing  certain  logic  rules  such  as  the  AND  and  the  OR  operations. 
The  "memory  element"  is  capable  of  storing  a  bit  of  information  which  can  be  used  either  for 
sequencing  operations  or  for  storing  binary  characters. 

Physically,  pneumatic  decision  and  memory  elements  are  similar  in  characteristics, 
but  differ  in  some  geometrical  details.  Typical  input  impedance  characteristics  are  shown 
in  Figure  1 . 


(a)  Decision  Amplifier  (b)  Memory  Amplifier 


Fig.  1  -  Typical  Input  Impedance  of  Pneumatic  Amplifiers 


The  decision  (or  the  biased)  element  changes  its  logical  state  when  a  control  signal 
is  applied  but  returns  to  its  original  state  when  the  control  pulse  is  removed.  In  terms  of  the 
impedance  characteristics,a  straight  line  through  the  origin  (i.e.  a  certain  driving  imped¬ 
ance)  would  not  intersect  both  branches  of  the  input  impedance  of  the  decision  amplifier. 

The  memory  element  has  two  controls.  It  changes  its  state  when  one  of  the  controls 
is  pulsed  and  remains  in  the  new  state  when  the  control  signal  is  removed.  To  return  the 
memory  element  to  its  initial  state,  an  input  sigrKil  is  applied  at  the  other  control .  In  terms 
of  the  input  characteristics,a  straight  line  through  the  origin  would  intersect  both  branches 
of  its  input  impedance. 

To  safeguard  against  erroneous  or  oscillatory  circuit  operations,  it  is  best  to  specify 
on  instability  region  by  a  circle  around  the  switch  points  whose  radius  (instability  distance) 
can  be  found  experimentally.  Then,  in  any  circuit  design, the  operating  points  can  be  either 
on  or  outside  the  boundary  of  this  region .  This  means  that  any  driving  impedance  line  can, 
at  most,  be  tangent  to  the  instability  circle;  otherwise  it  should  pass  outside  the  region.  On 
the  other  hand,  if  the  operating  points  are  designed  too  far  from  the  switch  points,  the  switch 
ing  time  of  the  amplifier  will  increase. 
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According  to  their  logical  chorocteristics^three  different  decision  amplifiers  and 
three  different  memory  amplifiers  are  possible  (Figure  2).  Notice  that  is  is  possible  to 
combine  two  decision  amplifiers  ond  form  a  memory  element  (Figure  3). 
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-  Logical  Classification  of  Pneumatic  Amplifiers 


RESET  Qjtput 


SET  CXjtput 


Fig.  3  -  Memory  Element  Built  From  Two  Decision  Amplifiers 


For  the  design  of  pneumatic  circuits  we  must  also  know  the  output  characteristics 
of  the  amplifiers.  Typical  output  characteristic  curves  are  shown  in  Figure  4.  These 
characteristics  behave  as  a  constant  pressure  source  in  the  region  of  low  flow,  where  the 
switching  points  o;  the  input  impedance  curves  are  also  normally  located.  This  is  a  sig¬ 
nificant  relationship,  particularly  with  respect  to  the  design  of  the  directional  logic 
circuits. 


O  (CC/M) 


Fig.  4  -  Typical  lr>put  and  Output  Impedance  of  Pneumatic  Amplifiers  (2  PSI  Supply  Pressure) 
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Ill  PNEUMATIC  CIRCUITS 


All  necessary  logical  circuits  can  be  designed  by  interconnecting  pneumatic 
amplifiers  with  diodes  or  resistors.  The  circuit  variables  of  such  pneumatic  circuits  are 
pressure  and  flow;  these  correspond  to  their  electrical  analogs,  voltage  and  current. 

The  simplest  and  most  basic  pneumatic  circuit  is  shown  in  Figure  5. 


(a)  Pneumatic  Amplifier  Circuit 


Fig.  5  -  The  Basic  Pneumatic  Circuit 
Its  characteristic  curves  are  shown  in  Figure  6, 


Fig.  6  -  Typical  Left  Input  Impedance  for  Severol  Right  Bias  Flows 
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These  curves  are  obfained  by  keeping  the  flow  into  the  right  control  port  at  various  constant 
values,  and  observing  the  pressure-flow  characteristics  of  the  left  control  port.  For  any 
given  q  the  input  impedance  of  the  left  control  port  is  essentially  linear  with  a  discontin- 
utity  which  represents  the  switching  action  of  the  amplifier.  Points  on  the  left  branches  of 
these  curves  correspond  to  the  main  amplifier  jet  being  attached  to  the  left  wall;  points  on 
the  right  branches  correspond  to  the  main  jet  being  attached  to  the  right  wall.  For  the  sake 
of  convenience,  when  the  jet  is  on  the  right  wall,  the  amplifier  is  said  to  be  ON,  otherwise 
it  is  OFF.  These  curves  show  that  the  left  and  the  right  control  circuits  are  related  in  an 
analog  manner,  while  the  outputs  respond  digitally. 

For  the  purposes  of  logical  implementation,  only  a  limited  number  of  circuit  blocks 
are  needed.  The  most  common  ones  are  AND,  OR,  and  INVERTER  blocks.  Actually,  it  is 
unnecessary  to  have  all  three  blocks;  the  INVERTER  and  either  the  OR  or  the  AND  block 
would  be  sufficient  for  the  implementation  of  all  logical  functions. 

In  general,  a  logic  block  (whether  it  is  an  AND  or  an  OR)  can  be  represented  by 
the  network  shown  in  Figure  7. 


Qitput 


Fig.  7  -  Generalized  Logic  Block 

In  general,  the  impedances  Z  ^  and  Z  could  involve  a  number  of  the  elements  such  as 
resistors,  inductors,  diodes,  etc. 
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Depending  on  the  type  of  circuit  elements  used  in  and  Z,  three  different  circuit 
types  can  be  considered;  (1)  resistor  logic,  (2)  directional  logic,  (3)  diode  logic.  In 
resistor  logic,  pure  resistors  are  used  for  Z^  and  Z.  The  biasing  resistor,  Rj ,  is  removed. 

In  directional  logic,  the  direction  of  the  air  flow  is  the  significant  element  in  performing 
logical  functions.  The  passive  blocks  of  directiorxil  logic  are  shown  in  Figure  21  .  In  diode 
logic  the  impedances  Z  are  replaced  by  diodes.  Depending  on  whether  an  OR  circuit,  or 
an  AND  circuit  is  desired,  the  biasing  resistor  R^  is  removed  or  left  in  the  circuit,  respec¬ 
tively.  Basic  passive  diode  circuits  ore  shown  in  Figure  23. 

Static  design  of  the  three  logic  circuits  is  basically  very  similar.  Impedances  Zq 
and  Z  are  pure  resistors  Rq  and  R.  The  value  of  R^  may  vary  from  zero  (directional 
circuits)  to  some  finite  value  (resistor  and  diode  circuits).  The  resistances  are  either  due 
to  the  inherent  interconnecting  resistances  (directional  logic)  or  are  purposely  added  in  the 
circuit  to  obtain  logical  operations  (resistor  and  diode  circuits).  For  the  arxilysis,  the  net¬ 
work  of  Figure  7  can  be  divided  into  an  output  circuit  and  an  input  circuit  as  shown  in 
Figure  8 . 


(b)  Input  Circuit 


Fig.  8  -  Input  and  Output  Circuits  of  the  Generalized  Logic  Block 


Diodes  are  shown  in  the  diagram,  so  that  the  results  of  the  following  analysis  can  be  applied 
to  diode  logic  circuits  as  well  as  the  resistor  circuits.  In  the  corresponding  resistor  circuit 
the  forward  and  reverse  resistances  (Rf  and  Rj,)  are  set  equal  to  R,  ond  Rj  is  removed. 
Design  of  pneumatic  logic  circuits  involves  impedance  matching  between  the  output  portion 
and  the  input  portion  of  the  above  circuits. 


Output  Impedance  Choracteristics 


Case  1:  Py<  p<  Pn  ;  p^  and  p^^  are  the  blocked-output  pressures  for  a  source 

amplifier  —  p^  for  the  OFF  condition  and  p^  for  the  ON  condition. 
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Let  os  assume  tfxit  x  of  the  input  lines  of  the  output  circuit  in  Figure  7  are  ON. 
Then,  the  equivalent  circuit  v/ould  be: 


Fig.  8c  -  Equivalent  Output  Circuit 
where  and  are  the  forward  and  backward  diode  resistances. 

The  principle  of  conservation  of  moss  at  point  C,  for  the  steady  state,  will  give: 


q  =  qs  +qi  -q2 

From  the  above  circuit: 


q  = 


which  reduces  to: 
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where  p^  <  p  <  p^^  and  x  =  0,  1 ,  2,  3,  .  .  .  ,  n . 


Case  2:  p  <  p 

o 

In  this  case  R^  is  replaced  by  R^^  in  Equation  (1),  since  the  flow  reverses  its 
direction: 
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where  P  <  x  =  0,  1,  2,  3,  n. 

Equations  (1)  and  (2)  represent  the  output  characteristics  of  the  generalized  logic 
block  of  Figures.  They  represent  a  family  of  lines  with  x  and  n  as  parameters.  These 
equations  can  be  used  as  they  are  for  the  diode  logic  AND  circuit.  For  the  diode  logic 
OR  circuit,  Rj  is  removed  (Rj  =  oo)  and,  Rj  and  Rj,  are  interchanged.  For  the  resistor 
logic,  Rj  is  removed  and  diodes  are  replaced  by  a  pure  resistance  (R  -  Rf  =  Rj,).  The 
details  of  each  of  these  circuits  and  the  usefulness  of  Equations  (1)  and  (2)  will  be 
discussed  in  later  sections. 


Input  Impedonce  Chorocteristics 

For  the  static  design,  is  a  pure  resistance.  The  input  impedance  characteristics 
of  Figure  8b  can  best  be  described  by  the  following  property. 

The  switch  points  of  the  input-impedance  characteristics  always  lie  along  the  some 
straight  line  with  the  same  point  on  the  pressure-axis,  regardless  of  the  value  of  R^. 


ON  Brooch 


Fig.  9  -  Input  Impedance  Characteristics  of  the  Generalized  Logic  Block 


Proof;  In  Figure  9,  Rq  is  graphically  added  to  each  branch  of  the  amplifier.  The  new 
switch  points  are  labeled  s^  and  S2  .  From  geometrical  considerations  the  line  going 
through  switch  points  Sj  and  S2  intersects  the  p-axis  at 


F  =  P,  - 


Pi  ~  P2 

qi-q2 
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The  line  going  through  the  switch  points  s'  and  s'  intersects  the  p-oxis  at 

A  M 


F'  =  p'  - 


Pi  P2  g 

q'  -q 


Since  Pj  =  p^  +  qjtan0  and  p^  =  p^  +q2^an6,  0  being  the  angle  that  makes 
with  the  vertical  line#  we  have: 

F'  =  p+qtan8-  El.  ~  Pg  '  .q;  ^ 

“  ^2 


which  reduces  to 


Pi  ~  P2 

qi  -q 


Therefore,  F  and  F'  are  coincident  points. 


The  existence  of  the  focus  point,  F,  facilitates  the  design  of  the  basic  logic  circuits 
discussed  in  the  next  sections. 

In  general,  the  static  design  problem  involves  the  determination  of  the  operating 
points  —  the  Intersections  of  the  output  characteristics  and  the  input  characteristics.  These 
operating  points  must  be  designed  sufficiently  away  from  the  switch  points  in  order  to  obtain 
reliable  and  stable  conditions. 


Resistor  Logic 

In  resistor  logic,  implementation  of  the  logical  functions  are  accomplished  by  means 
of  resistors  whose  design  values  include  two  parts.  One  part  is  the  unavoidable  inter¬ 
connecting  channel  resistance;  the  other  part  is  the  resistance  intentionally  added  in  order 
to  arrive  at  the  correct  design  value.  Obviously,  this  situation  requires  careful  considera¬ 
tions  since  the  geometrical  variations  of  the  packaging  schemes  must  also  be  included  in  the 
resistor  logic  design. 

As  mentioned  before,  static  design  of  pneumatic  logic  circuits  is  carried  out  by 
graphical  means.  The  basic  rules  of  graphical  approach  are  presented  for  linear  resistors 
in  Figure  10.  These  rules  also  hold  true  for  nonlinear  resistors.  Figure  10a  shows  the 
graphical  representation  of  a  linear  pneumatic  resistor  such  as  a  long  channel .  Figure  10b 
shows  the  input  impedance  of  a  pneumatic  amplifier;  it  is  discontinuous,  but  linear  in  each 
branch.  Determination  of  the  resultant  resistance  of  two  resistors  in  series  and  in  parallel  is 
shown  in  Figures  10c  and  lOd. 

Before  the  static  design  of  pneumatic  logic  circuits  is  discussed,  a  simple  example 
will  be  presented  to  clarify  the  graphical  approach  and  to  state  a  few  definitions. 
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(a)  Impeckince  Characteristic  of  a  Linear  Resistor 


(b)  Input  Impedance  Characteristic  of  a  Pneumotic  Amplifier 


(c)  Graphical  Addition  of  impedances  in  Series 


Fig.  10-  Rules  of  Graphical  Design 
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(d)  Graphical  Addition  of  Impedances  in  Parallel 


Fig.  10  (Cont.) 


Fig. 


11  -  Graphical  Design  of  a  Simple  Pneumatic  Circuit 


Figure  1 1  shows  the  static  operation  of  one  pneumatic  amplifier  connected  to 
another  through  a  resistor.  On  the  graph,  the  impedance  of  resistor  R  is  adderd  to  the 
ON  and  OFF  branches  of  the  output  impedance  of  Amplifier  A.  These  new  curves  are 
the  output  impedance  (driving  characteristics)  that  Amplifier  B  will  receive.  The  inter¬ 
sections  of  the  output  impedance  curves  with  the  input  characteristics  of  Amplifier  B  are 
the  "operating  points"  of  the  circuit.  In  this  case,  the  value  of  R  has  been  chosen  such 
that  Amplifier  B  is  switched  ON  whenever  the  A  amplifier  is  turned  ON. 

Other  values  of  R  will  result  in  different  sets  of  operating  points.  For  instance, 
for  R  =  C  both  operating  points  would  fall  on  the  ON  branch  of  the  input  characteristics 
of  Amplifier  B.  This  means  that  Amplifier  B  will  always  be  ON  regardless  of  the  state 
of  Amplifier  A. 
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Another  point  of  interest  in  the  design  of  pneumatic  circuits  is  the  question  of 
operational  stability  (and  thus  the  reliability)  of  the  circuits.  If  the  operating  points  are 
designed  too  close  to  the  switching  points,  any  slight  variations  in  manufacturing  toler¬ 
ances  or  operating  pressures  might  cause  malfunctions.  For  this  reoson,  a  minimum  distance 
away  from  the  switching  points  —  the  "stability  distance"  —  must  always  be  specified  in  the 
design  of  pneumatic  circuits.  Generally  speaking,  the  most  desirable  design  would  be  to 
have  the  switch  points  symmetrically  located  with  respect  to  the  output  impedance  lines  and 
at  the  same  time  meet  the  requirement  of  minimum  stability  distance. 

In  resistor  logic  the  impedances  and  Z  of  Figure  7  ore  assumed  to  be  pure  linear 
resistances.  An  important  property  will  be  proved  for  the  case  where  all  of  the  sources 
(Figure  7)  are  similar  pressure  sources  such  as  single  amplifiers.  The  output  impedance 
characteristic  of  the  generalized  logic  network  consists  of  a  family  of  parallel  and  equi¬ 
distant  lines  (Figure  12). 


OFF  Charocteristic 
of  the  Amplifier 


Fig.  12  -  Output  Impedance  Characteristics  of  the  Generalized  Logic  Block 


Proof;  In  resistor  logic  the  output  impedance  Equations  (1)  and  (2)  both  reduce  to; 

-  S  ”  ^  Po  S  <Pn-Po> 

Since  for  a  given  fan  in,  n  is  constant,  the  slopes  of  the  member  lines  remain  the  same 
regardless  of  the  value  of  x.  However,  the  pressure  intercept  is  a  function  of  x.  There¬ 
fore,  the  output  lines  are  a  set  of  parallel  lines  with  n  and  x  as  the  parameters,  "n" 
determines  the  number  of  lines  (fan  in),  and  x  locates  the  particular  member  lines. 

To  show  that  these  lines  are  equally  spaced,  we  will  find  the  general  expression 
for  the  pressure-axis  line-segment  between  two  consecutive  lines.  For  q  =  0: 
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x+  1 


=  p  + 

q=0 


X  +  1 


n 


(P„  -  PJ 


X  1  q=0 


=  p  +  —  (p  -p) 


Therefore, 


=  i  (Pn-Po* 


which  is  a  constant  for  a  given  amplifier. 


It  should  be  noted  that  smaller  values  of  n  result  in  larger  separations  between  the 
output  impedance  lines.  As  we  will  see  later  on,  this  separation  distance  affects  the 
reliability  of  circuit  operation. 


The  OR  Circuit 


For  the  OR  circuit,  values  of  Rq  and  R  must  be  selected  so  that  pressurizing  any 
one  of  the  inp  lines  would  result  in  a  logical  output.  The  graphical  model  of  this 
behavior  is  shown  in  Figure  i3. 


Initial  Input  Characteristics 

Input  Characteristics  for  a  Given  R^ 


Output  Characteristics  for  a  Given  R 


Fig.  13-  The  Design  of  the  OR  Circuit 


When  all  of  the  inputs  are  off,  the  operating  point  is  on  the  OFF  branch  of  the  input 
impedance  of  the  amplifier.  When  any  cne  of  the  inputs  is  on,  the  operating  point  falls 
on  the  ON  branch.  If  more  than  one  input  Ts  turned  on,the  operating  point  assumes  hicSer 
and  higher  positions  on  the  ON  branch. 


204 


Obviously,  Figure  13  has  been  drawn  for  a  particular  set  of  values  of  Rq  and  R . 
Many  other  pairs  of  values  can  be  found  which  would  satisfy  the  logical  requirement  of 
the  circuit.  As  the  value  of  Rq  is  increased  the  switch  points  are  moved  to  the  right. 

This  means  that  the  value  of  R  must  be  decreased  in  order  to  keep  the  switch  points  between 
the  first  two  output  impedance  lines. 

If  the  highest  possible  fan-in  is  to  be  obtained,  the  optimum  position  of  the  focus 
point  F  would  be  midpoint  of  the  first  two  intersections  of  the  output  impedance  lines  and 
the  pressure  axis.  This  can  be  seen  in  Figure  13. 

For  a  given  R^,  the  value  of  R  can  be  determined  by  drawing  a  tangent  from  p^ 
to  the  instability  circle  for  the  OFF  branch  of  the  input  impedance  curves.  This  line  is 
the  "ALL  OFF"  line  which  corresponds  to  the  case  when  all  input  lines  are  OFF.  Now, 
in  order  to  get  the  minimum  distance  between  p^  and  pi  (which  results  in  maximum  fan-in) 
we  must  choose  the  ONE  ON  line  as  close  to  the  ALL  OFF  line  as  possible.  On  the 
other  hand  the  ONE  ON  line  cannot  be  any  closer  to  the  OFF-branch  switch-point  than 
the  tangent  line  to  the  opposite  side  of  the  instability  circle.  This  tar>gent  line  is  drawn 
parallel  to  the  ALL  OFF  line  and  is  the  optimum  ONE  ON  line  as  far  as  the  OFF  branch 
is  concerned.  It  is  easily  seen  from  the  figure  that  this  line  also  satisfies  the  stability 
requirements  for  the  ON  branch  if  the  focus  point  foils  midway  between  p^  and  p^. 


The  AND  Circuit 


For  the  AND  circuit,  values  of  R^  ond  R  must  be  selected  so  that  all  of  the  driving 
amplifiers  must  be  turned  on  before  a  logical  output  is  obtained.  The  graphical  model  of 
the  AND  circuit  is  shown  in  Figure  14.  Here  the  optimum  position  of  the  focus  point,  F, 
is  the  midpoint  of  the  last  two  intersections  of  the  output  impedance  lines  with  the 
pressure-axis . 


Fig.  14  -  The  Design  of  the  AND  Circuit 
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Inches  Red  Oil  Sp.  Gr.  .827 
Fig.  15  -  Experimental  Design  of  the  AND  Circuit 


Similar  to  the  OR  circuit  there  are  mony  values  for  Rq  and  R  which  would  satisfy 
the  requirements  for  the  AND  circuit.  The  experimental  verifications  of  the  circuit 
properties  and  designs  are  shown  in  Figure  15.  In  this  figure  the  input  and  output  proper¬ 
ties  of  the  generalized  logic  block  of  Figure  7  as  well  as  the  design  procedure  of  the 
AND  circuit  have  been  verified. 

The  AND  circuit  itself  was  constructed  in  a  breadboard  fashion.  Three  amplifiers 
were  connected  to  another  amplifier  through  external  resistors  made  from  .046  in.  I  .D. 
tubing . 

Resistor  Logic  Optimum  Amplifier  Design 

From  the  design  of  the  AND  and  OR  circuits,  we  saw  that  two  different  biased 
amplifiers  are  necessary  for  the  resistor  logic.  For  the  OR  circuit,  the  focus  point  F 
should  be  between  the  first  two  output  lines.  This  will  allow  maximum  fan-in  for  a  given 
stability  distance.  If  the  focus  point  is  not  midway  between  the  first  two  lines,  it  is  not 
possible  to  obtain  a  high  fan-in.  Similarly,  for  the  AND  circuit  the  focus  point  should 
be  between  the  last  two  lines  for  maximum  possible  fan-in. 

At  some  sacrifice  of  fan-in  capability,  we  could  design  a  compromise  amplifier 
that  would  satisfy  the  requirements  of  both  the  OR  and  the  AND  circuits.  This  compromise 
design  (Figure  16)  eliminates  the  necessity  of  having  two  different  amplifiers. 


Ideal  for  OR  Compromised  Ideal  for  AND 


Fig.  16  -  Compromise  Input  Choracteristics  and  the  Design  of  the  Basic  Logic  Blocks 

The  amplifier  must  be  designed  such  that  its  focus  point  falls  on  the  midpoint  between 
the  two  ideal  locations.  (This  midpoint  is  also  the  midpoint  between  the  points  Og  and  p^  . ) 
This  presents  an  interesting  relationship  between  the  input  and  output  impedance  character¬ 
istics  of  the  compromise  amplifier.  First,  the  termirxited  output  pressures  p^  and  p^^  must  be 
found.  Then,  the  geometry  of  the  amplifier  must  be  designed  such  that  its  switch  point 
would  fall  on  the  midpoint  of  the  line  segment  p  -p  . 
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In  actual  practice,  design  of  the  compromise  amplifier  presents  several  difficulties 
since  the  location  of  the  focus  point  F  on  the  pressure-axis  is  very  sensitive  to  the  relative 
positions  of  the  switch  points.  That  is,  slight  deviations  in  switchir>g  pressure  and/or  flows 
of  one  or  both  of  the  switch  points  could  cause  large  movements  in  the  location  of  F  on  the 
pressure-axis.  Another  factor  to  be  considered  is  the  fan-incapability.  When  a  compromise 
amplifier  is  used,  the  fan-in  depends  on  the  distance  between  the  switch  points  as  well  as 
the  value  of  R .  If  the  distance  between  Sj  and  s.,  is  increased  the  absolute  value  of 
Ap  =  Pi  -  Po  is  also  increased  (Figure  17). 


Increasing  Ap  decreases  the  fan-incapacity: 


fan-in  = 


Pn  -Po 

Pi  -Po 


const . 

Ap 


Also,  increasing  the  value  of  R  decreases  the  fan-in  (Figure  18). 


0  P„  P,  •  P,  F 

Fig.  18  -  Effect  of  R  on  Fan-In 
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Ideally,  if  the  switch  points  are  coincident,  the  OR  and  AND  circuits  can  be 
implemented  without  any  sacrifice  in  stability  or  fan-in.  In  the  ideal  case  the  focus 
point  F  is  indeterminate  on  the  pressure  axis,  and  the  fan-in  would  only  depend  on  the 
manufacturing  tolerances  and  supply  variations.  However,  in  the  non-ideal  cases,  where 
a  compromise  amplifier  is  used,  the  fan-in  also  depends  on  the  switch-point  distance  and 
R.  From  the  system's  point  of  view,  the  ON  branch  of  the  ideal  amplifier  should  be 
parallel  to  the  pressure  axis.  Such  an  ON  branch  position  would  result  in  low-flow 
operating  points  which  reduces  the  demand  on  air  supplies. 


Fig.  19  -  Ideal  Input  Impedance  ond  the  Design  of  the  Basic  Logic  Blocks 


Directional  Logic 


During  the  experimental  studies,  it  was  observed  that  deviations  of  the  switch  points 
due  to  manufacturing  tolerances  were  not  totally  random.  The  switching  pressures  remained 
constant  from  model  to  model,  despite  large  variations  in  the  switching  flows  (Figure  20). 


Fig.  20  -  Input  Impedance  of  Several  Amplifiers  Having  a  Common  Design 
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Based  on  fhis  observation  an  amplifier  was  designed  which  could  be  used  in  conjunction 
with  the  directional  logic  elements  shown  in  Figure  21 .  The  design  of  this  amplifier  is 
such  that  the  switch  points  of  its  input  impedance  occur  at  very  low  flows  and  near  the 
atmospheric  constant -pressure  line  (Figure  22). 


A 


Fig.  21  -  Directional  POssive  Logic  Blocks 


“Pa  Pi 


Fig.  22  -  Static  Characteristics  of  the  Amplifier  for  Directional  OR-NOR  Logic 

For  switching  this  amplifier  all  that  is  needed  is  a  pressure  slightly  above  the  atmospheric/ 
since  the  switch  points  have  been  placed  in  the  linear  region  of  the  output  lines.  Thus, 
with  this  pressure  mode  of  operation,  no  particular  attention  needs  to  be  devoted  to  the 
flow  deviations  of  the  switch  points.  An  amplifier  with  characteristics  as  shown  in 
Figure  22  would  be  suitable  for  the  design  of  OR,  or  NOR  logic  blocks. 
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Directional  logic  circuits  hove  two  advantages  over  resistor  logic  circuits:  (1)  the 
flow  variations  due  to  manufacturing  tolerances  do  not  become  critical,  (2)  the  logic 
resistors  are  all  eliminated.  However,  the  experimental  circuits  that  have  been  imple¬ 
mented  so  far  have  shown  relatively  poor  fan-out  capability. 

Logical  functions  of  pneumatic  circuits  using  the  directional  elements  can  be 
visualized  simply  by  considering  the  direction  of  air  flow  in  the  channels.  Actually, 
even  with  these  directional  elements,  the  impedance  matching  of  the  circuit  design  still 
exists.  However,  the  over-all  logical  operations  are  more  sensitive  to  the  flow  direction 
than  the  impedance  matching.  For  this  reason,  pneumatic  circuits  that  use  these  elements 
are  called  directional  circuits. 

Diode  Logic 

The  basic  AND  and  OR  blocks  for  diode  logic  are  shown  in  Figure  22. 


A  - Of 

B  - Of 

C  - Of 


A+  B+  C 


(a)  OR  Circuit 


(b)  AND  Circuit 


Fig.  23-  Diode  Logic  Blocks 


For  the  OR  block  any  one  or  more  of  the  input  signals  is  sufficient  to  switch  an  amplifier. 
On  the  other  hand,  for  the  AND  block,  the  flow  from  the  positive  bios  supply  is  normally 
going  through  the  forward  direction  of  the  diodes.  This  condition  is  satisfied  by  making 
the  input  impedance  of  the  amplifier  greater  than  the  forward  impedance  of  a  single  diode. 
Thus,  even  when  only  one  input  line  is  OFF,  the  impedance  of  the  forward  direction  of  that 
diode  presents  little  resistance  to  the  impressed  bios  pressure  and  keeps  the  pressure  at  the 
control  port  of  the  amplifier  below  its  switching  value.  Only  when  all  the  diodes  are 
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pressurized  in  the  reverse  direction  will  the  bios  pressure  be  sufficient  for  switching  the 
amplifier . 


The  OR  Circuit 

The  output  impedance  equation  for  the  diode  OR  circuit  is  found  by  setting 
R  ^  =  00  and  interchanging  Rj  and  Rj,  Equations  (1)  and  (2) .  Then: 


f«p„  <p  <p„ 
and 

P'  -  V  ^  S  <Pn  -Po>  '  P<Po 

represent  the  family  of  output  impedance  lines  for  the  OR  circuit.  These  lines  ore  not 
parallel  to  each  other  os  they  are  in  resistor  logic.  The  general  pattern  of  the  lines  is 
shown  in  Figure  24  for  arbitrary  values  of  Rj  =  .01,  Rb  ”  Po  ”  ®  Pn  “ 


Fig.  24  -  Output  Impedance  Characteristics  of  the  Diode  OR  Block 
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The  slope  of  the  impedance  lines  decreases  as  more  and  more  inpuf  lines  are  pressurized 
(i  .e.  as  X  increases)  and  the  pressure  intercepts  are  very  close  to  the  p^^  value  except  for 
the  line  corresponding  to  x  =  0,  whose  pressure  intercept  is  at  p^^  .  The  region  between  the 
ALL  OFF  line  and  the  ONE  ON  line  is  relatively  large  resulting  in  a  wide  safety  margin 
between  the  OFF  and  the  ON  operating  points. 

From  the  equation  given  above,  we  can  see  that  as  the  fannn  increases,  the  OFF 
operating  point  approaches  the  instability  region,  while  the  ON  operating  points  move 
further  away  from  their  corresponding  instability  region.  Therefore,  for  a  given  amplifier 
characteristic,  the  maximum  fan-in  is  determined  solely  by  considering  the  ALL  OFF  line 
and  the  instability  regions  of  the  input  amplifier  —  the  criteria  being  that  the  ALL  OFF 
line  can  be  tangent  to  one  or  both  circles  without  intersecting  either  one. 


The  AND  Circuit 


Equations  (1)  and  (2)  can  be  used  for  the  diode  AND  circuit.  They  represent  a 
family  of  straight  lines  which  are  not  parallel  to  each  other. 


P  <  P  <  P 


P  =  - 


q 


npo  (Pn  ~  Po)  X 
Rb 


n 


p< 


The  general  pattern  of  these  lines  is  shown  in  Figure  25  for  arbitrary  values  of; 

R  f  =  .01,  R  jj  =  .1,  n  =  10,  Po  =  0,  p  „  =  10,  Pj  =  10,  and  Rj  =  .  1  .  The  slopes  of  the 
impedance  lines  decrease  as  more  and  more  of  the  input  lines  are  pressurized  and  the 
pressure  intercepts  are  very  close  to  the  p^  value,  except  for  the  line  corresponding  to 
X  =  10,  whose  pressure  intercept  is  at  p^ .  The  region  between  the  ALL  ON  line  and  the 
NINE  ON  line  is  relatively  large. 

In  comparing  Figures  24 and  25,  an  interesting  duality  can  be  observed.  Any 
statement  made  about  one  figure  is  also  true  about  the  other,  provided  the  dual  of  words 
ON  (i.e.  OFF),  ALL  (i.e.  NONE),  SLOPE  (i.e.  pressure  intercept),  p^(i.e.  p^  ), 

ON  BRANCH  (i.e.  OFF  BRANCH),  etc.  ore  used. 
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Fig.  25  -  Output-Impedance  Characteristics  of  the  Diode  AND  Block 
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The  output  characteristics  of  diode  logic  are  much  more  desirable  than  those  of 
resistor  logic.  In  diode  logic  only  one  amplifier  design  suffices  for  both  the  AND  and 
the  OR  circuits.  This  is  accomplished  by  providing  sufficient  overlap  between  the  two 
open  regions  of  the  AND  and  the  OR  output  characteristics.  This  overlap  is  determined 
by  the  variables  and  the  parameters  in  Equations  (1)  and  (2).  For  diode  logic  the  location 
of  the  focus  point  is  immaterial  as  lor>g  as  the  switch  points  are  reasorxibly  close.  Due  to 
the  wide  operational  regions  in  diode  logic,  a  higher  fan-in  can  be  obtained  than  for 
resistor  or  directional  circuits;  also,  much  better  reliability  and  wider  manufacturing 
tolerances  are  possible. 


IV  LOGICAL  SYSTEMS  USING  PNEUMATIC  JET  AMPLIFIERS 

There  are  several  different  logical  systems  that  can  be  adopted  for  pneumatic 
logic  circuits.  Two  categories  of  logical  systems  can  be  recognized,  depending  on 
whether  mono-output  or  duo-output  amplifiers  are  used  (Figures  and 

The  fundamental  system  is  the  AND-OR-INVERTER .  When  using  this  system,  the 
logical  functions  of  machine  capabilities  must  first  be  converted  into  AND,  OR,  and  NOT 
statements.  Then  the  physical  implementation  of  such  a  machine  Is  simply  a  matter  of 
substitution  of  logical  blocks  for  each  functional  statement. 

The  basic  AND-OR-I  system  has  been  used  in  many  electronic  machines.  Some 
minor  modifications  of  this  system  result  in  several  other  interesting  and  useful  logical 
systems.  For  example,  only  the  OR-  and  the  INVERTER -blocks  would  be  sufficient  for 
the  implementation  of  any  functional  requirements.  This  is  due  to  the  fact  that  the  AND 
block  can  be  constructed  from  the  OR-  and  INVERTER -blocks.  The  corresponding 
Boolean  expression  for  the  AND  block.  In  terms  of  OR  and  I,  would  be; 

A  •  B  =  A  •  B  =  B 


Physical  implementation  of  A  +  B  only  requires  the  INVERTER  ond  the  OR -blocks.  Such 
a  system  using  only  the  OR-  and  the  INVERTER-blocks  is  called  NOR  logic. 

In  a  similar  manner,  in  NAND  logic,  only  the  AND-  and  the  INVERTER-blocks 
are  used.  The  OR  function  is  constructed  from  these  two  blocks,  since: 

A  +  B  =  XTT  =  A-  "g 


Further  variations  of  these  three  systems  (AND-OR-I,  NOR,  and  NAND)  can  be  recognized 
they  are  listed  in  Figures  26  and  27.  In  each  case  the  AND-  and  OR -block  constructions 
are  shown  for  the  single  level  logic .  These  constructions  are  a  measure  of  the  adaptability 
of  the  corresponding  system  in  implementation  of  logical  functions.  However,  it  should  be 
noticed  that  the  "optimum  logical  system"  is  not  necessarily  a  function  of  the  number  of  the 
logic  elements  which  are  necessary  for  the  construction  of  AND-  and  OR -blocks.  Other 
factors  such  as:  over-all  cost,  circuit  type  (resistive,  directional,  or  diode),  fannn  and 
fan-out,  logic  level,  operational  speeds,  timing  tolerance  accumulation,  reliability, 
packaging  schemes,  and  even  particular  applications  must  be  considered. 
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With  regard  to  certain  particular  applications,  better  utilization  and  economy 
might  be  obtained  from  circuits  especially  tailored  to  the  given  requirements  than  from 
standardized  circuits.  Each  segment  of  logical  functions  of  a  given  application  can  be 
broken  down  to  smaller  functional  blocks  whose  circuits  can  be  specially  designed.  In 
such  a  case,  the  optimization  of  the  logical  circuits  would  only  be  limited  by  the 
designer's  skill,  since  he  would  be  able  to  use  special  circuits  such  as  exclusive  OR, 
majority  circuits,  etc.,  in  order  to  satisfy  specific  needs  in  a  more  efficient  manner. 

Comporisons  of  Pneumatic  and  Electronic  Logic  Blocks 

Several  interesting  comparisons  can  be  made  between  some  of  the  basic  pneumatic 
logic  blocks  and  the  corresponding  electronic  blocks.  These  comparisons  are  listed  in 
Figure  28.  From  this  figure  it  can  be  deduced  that  the  implementation  of  logical  functions 
in  pneumatics  would  require  considerably  less  logic  elements  than  it  would  with  electronic 
elements.  This  is  true  even  in  case  of  nonlogical  circuits  such  as  driving  circuits.  For 
example.  Figure  29  shows  two  equivalent  circuits  which  provide  a  1  to  18  driving  magnifi¬ 
cation.  In  both  the  electronic  and  pneumatic  circuits  a  driving  capability  of  three  per 
amplifier  is  assumed.  Natice  that  all  of  the  pneumotic  outputs  are  in  step,  while  the 
electronic  outputs  are  not.  In  the  pneumatic  circuit  the  inverted  outputs  are  also  available 
as  a  bonus  .  Furthermore,  only  seven  pneumatic  amplifiers  are  required  compared  to  nine 
transistors  .  These  advantages  are  realized  only  If  duo-output  amplifiers  are  used.  If  mono¬ 
output  amplifiers  are  used,  none  of  these  advantages  would  be  possible.  On  the  other  hand 
the  mono-output  amplifiers  have  higher  switching  speeds  as  well  as  better  adaptability  to 
miniaturization.  Therefore,  the  choice  between  the  mor>o-output  or  duo-output  amplifiers, 
again,  must  be  based  on  some  engineering  compromises.  Such  engineering  compromises, 
in  turn,  would  be  based  on  a  quantitative  analysis  of  the  costs  and  the  operational  speeds 
that  can  be  expected. 


Fig.  29  -  Analogous  Pneumatic  and  Electronic  Circuits 
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Abstract 

This  paper  develops  a  formula  which  interrelates  the  major  factors 
involved  in  a  pneumatic  bi- stable  amplifier  that  operates  above 
critical  pressure  ratios.  The  formula  enables  accurate  scaling  of 
a  design  and  indicates  the  direction  required  for  opiimiratcon  The 
analysis  is  baseo  upon  techniques  that  are  used  in  the  misaixv.  com¬ 
ponents  industry  for  design  of  submerged  pneumatic  flow  systems. 
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Introduction 


The  short  lead  times  allocated  for  design  and  development  of  reliable 
hardware  in  the  missile  components  industry  preclude  both  rigorous 
mathematical  analyses  and  cut-and-try  methods,  and  have  forced  the 
evolution  of  dimensional  qualitative  analysis  wherein  the  component  is 
described  theoretically,  except  for  experimentally  determined  coeffi* 
cients  which  become  applicable  to  scaling.  This  approach  is  particu¬ 
larly  suitable  to  solution  of  problems  in  fluid  dynamics  wherein  the 
rigorous  solutions  defy  the  efforts  of  genius. 

Furthermore,  the  rigorous  solutions  that  are  peculiar  to  a  specific 
design  are  generally  useless  to  another.  In  the  more  complicated 
problems,  they  often  obscure  qualitative  factors  and  thereby  render 
scaling  meaningless. 

The  following  analysis  is  over-simplified  for  purposes  of  extreme 
clarity.  The  quantitative  values  assigned,  although  conservative  and 
reasonable,  are  for  first  approximations  only. 
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Outline 


Inaemuch  ae  this  paper  develops  several  independent  equation*  which 
are  hereinafter  combined,  the  following  outline  is  presented: 

(a)  Determination  of  the  pressure,  required  to  deflect  the  stream 
a  distance  y,  as  shown  in  Figure  1*  This  phase  of  the  calculations 
is  divided  into  the  following  steps  t 

(1)  Presentation  of  equations  for  sonic  compreeelble  flow  through 
a  sharp  edged  orifice. 

(2)  Calculation  of  the  pressure,  in  the  bubble  on  the  attached 
side  of  the  stream. 

(3)  Calculation  of  the  mass  of  the  main  stream  in  an  incremental 
volume  (see  Figure  2). 

(4)  Calculation  of  the  pressure  differential,  required  to  deflect 
the  stream. 

(5)  Calculation  of  the  pressure,  P||,  on  the  detached  side  of  the 
stream  (equals  P^  from  step  (4)  plus  P^  from  step  (2))« 

(b)  Calculation  of  the  secondary  injectant  flow  rate  required  to  cause 
switching. 
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A-I  Preientation  of  Equations  for  Sonic  Compre»»lble  Orifice  Flow 

For  reference  in  tubeequent  equetionii  the  equations  for  sonic  flow 
of  a  compressible  gas  through  an  orifice  are  presented: 


W 


K  C  Pj  A 

Vt 


K  C  P^  S  H 

yfr 


and/or 

W  y/T 

M  ^  K  C  SH 

Where: 

if  ^  Weight  flow  rate 

K  B  Constant,  depending  upon  units  used 
C  ■  Coefficient  of  dischags  of  an  orifice 
H  «  Height  of  orifice 
S  Width  of  orifice 
^  *  Total  pressure  upstream  of  orifice 
T  «  Total  temperature  upBiream  of  orifice 


(1) 


(V 
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A-II  Calculation  of  Boundary  Layer  Pretiurt  on  Attached  Side  of  The 


Main  Stream 

The  first  step  in  the  analyeia  la  to  analyse  the  pressure  condition 
in  the  "bubble"  between  the  stream  and  the  wall  to  which  it  is 
attachec^as  shown  in  Figure  1.  First  it  must  be  recognised  that 
a  pressure  gradient  exists  in  the  bubble,  with  the  pressure  at  the 
attachment  pount  being  equal  to  the  stream  static  pressure,  and 
with  the  pressure  at  a  point  immediately  downstream  of  the  orifice 
being  equal  to  the  stream  static  pressure,  minus  the  stream 
velocity  pressure. 

For  this  analysis,  the  pressure  gradients  in  the  bubble  are  neg¬ 
lected,  and  it  is  assumed  that  a  certain  pressure,  P  ,  exists  in 
the  bubble  between  the  orifice  and  the  attachment  point.  The 
pressure  is  assumed  to  be  the  average  of  the  pressure  at  the 
attachment  point  and  of  the  pressure  immediately  downstream  of 

the  orifice  or: 

P.  .  <Ps)  ♦  (r>s  -  Pv> 

L  j 

or 

PL  “  Py 

Since  the  flow  stream  is  sonic,  we  know  the  relationship  between 


(3) 


Py  and  Pg 
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■  .535 


Pi  Ps+,^V 

Pg  ■  .  535  Pi 

or; 

Py«.465  Pi  for  jr«  1.4  (3): 

Substituting  into  equation  (3),  we  have  the  average  pressure  that 
always  exists  in  the  bubble  in  terms  of  P^,  or: 

P^  *  .303  Pi  for  r  =  1.4  (4) 

It  is  noted  that  this  pressure  in  the  bubble  will  remain  constant 
regardless  of  the  pressure  on  the  opposite  side  of  the  stream. 

The  only  effect  of  increased  pressure  on  the  opposite  side  of  the 
stream  would  be  to  decrease  the  size  of  the  bubble. 


Allowing  for  possible  error  in  equation  (4),  we  can  write: 


where  is  an  experimentally  determined  coefficient. 


(5) 


In  order  to  obtain  P^^  in  terms  of  main  stream  weight  flow,  we 

can  substitute  equation  (2)  into  equation  (5),  yielding: 

.  Ki  #  v/T 
K  C  S  H 


(6) 


248 


A-m  Calculation  of  Mass  Deniity  of  an  Increm«ntal  Volume  of  The 
Main  Stream 

The  maee  of  an  incremental  cross  section  of  a  stream,  discharging 
from  a  sharp  (iged  orifice  can  be  defined  ast  (see  figure  2) 


dM 


dVo 

g 


or: 


dM 


W  dVo 
VA  g 


Where: 


dM  =  Mass  of  an  incremental  cross  ssction  of  ths  main 

2 

stream,  lb  sec  per  ft. 

e 

W  -  Weight  flow  rats  of  ths  main  stream 
K  C  P,  S  H 
yff 

dVo  =  Volume  of  the  incremental  cross  section 
=  S  d  X  (see  Figure  2) 

V  =  Velocity  of  the  main  stream 
=  Velocity  of  sound 

.  /yjTT 

A  K  Cross  section  of  the  stream 
=  S  Hl 

g  *  Accerlation  of  gravity 

/>  s  Density,  lb.  per  ft 
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Subatitutingf  w«  h^ve: 


dM  .  ■■  .  (7) 

V  ](  8  HT  8 

Wharai 

dx  ■  Incremantal  langth  of  main  atream  {aaa  Figure  2) 
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A- VI  Calculation  of  Prc««ure  Differential  Required  to  Deflect  The 


Main  Stream 


The  parameters  of  the  main  stream  trajectory  are  shown  in 
Figures  1  and  2. 


Treating  the  incremental  mass  as  a  projectile,  the  time  required 
for  the  incremental  mass  to  travel  over  the  distance  x  is: 


t  * 


The  time  required  for  the  center  of  the  incremental  nusr.  to  fall 

the  distance  y  is: 

,2  .  2  y  dM 


dF 


or 


Where: 


t  ■ 


2  y  dM 
dF 


dF  c  Net  force  acting  upon  the  incremental  mass 


(8) 


=  PjjSdx 


Substituting  to  eliminate  dF,  we  have: 


i  « 


2  y  dM 
p  S  dx 


(9) 


Combining  equations  (8)  and  (9)  to  eliminats  t,  we  have  ; 


/gRT 


or: 


Pd  *  3 


V  Pd 

\x^  Six) 


S  dx 

RT)  (dM) 
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Subitituting  the  value  of  dM  from  equation  (7)  we  havet 
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A-V  Calculation  of  the  Pressure  on  the  Detached  Side  of  the  Stream 


The  pressure^  P^i  on  the  detached  side  of  the  main  stream  is  as¬ 
sumed  to  be  the  sum  of  the  average  pressure  in  the  bubble,  P  , 
and  the  pressure  required  to  deflect  the  stream,  P^,  or,  from 
equations  (6)  and  (10) 


P,,  •  P,  +  P 
H  L  D 


R  T  Kl 
g  K  C  S  H 


(H) 
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B  Determination  of  Control  Flow  Rate  Required  to  Came  Switching 

Figure  3  depicts  the  main  stream  in  an  incipient  switching  condition. 

The  stream  has  been  detached  from  the  one  wall  by  the  application  of 

control  flow,  Wq.  It  is  noted  that  the  following  conditions  occur  during 

the  switching  operation. 

(1)  If  the  pressure  induced  on  the  attached  side  of  the  stream  by  the 
control  flow  is  to  detach  the  steam*  this  pressure  must  at  some 
time  exceed  the  pressure  on  the  detached  side. 

(2)  Mixing  of  the  main  stream  and  the  control  gas  accelerates  the  control 
gas  downstream.  The  ultimate  velocity  of  the  boundary  layer  formed 
by  the  control  gas  is  a  complex  function*  being  related  to  the  duct 
aspect  ratio  and  to  the  main  stream  Reynolds  number*  but  primarily 
to  the  velocity  of  the  main  stream.  This  function  should  be  determined 
experimentally  for  each  design*  however*  with  the  high  Reynolds 
numbers  that  attend  the  sonic  flow  of  the  main  stream  it  is  tentatively 
assumed  that  the  velocity  of  the  boundary  layer  gas  is  one-  'ialf  the 
main  stream  velocity. 

(3)  With  the  stream  in  the  incipient  position  shown  in  Figv’.re  3*  the  cross 
sectional  area  of  the  boundary  layer  can  be  defined  as  a  function  of 
the  duct  cross  section*  and  is  assumed  to  be  1/2  H,  S*  or  y  S. 
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(4)  Knowing  the  pressure  in  a  flow  stream,  the  stream  velocity,  and 
the  stream  cross  section,  the  weight  flow  rate  can  be  determined. 
Assuming  that  the  pressure  described  above  in  item  (1)  exists 
simultaneously  with  the  velocity  and  area  described  in  items  (2) 
and  (3),  the  control  flow  rate  can  be  determined.  The  above  quan¬ 
titative  assumptions,  although  considered  to  be  reasonable  and 
conservative,  may  vary  substantially  with  the  amplifier  design. 
Qualitatively,  however,  the  above  approach  is  basically  sound 
and  should  lend  itself  to  scaling  once  a  coefficient  is  determined 
experimentally.  The  following  equations  reflect  the  above  discus¬ 
sion. 


Substituting  the  value  of  P  from  equation  (11) 

H 


w 


(±\ 

w/  2y  \  /trt  ,  K,  wrr 

//FgRT  \ 

\RTj 

[  v  g  K  C  S  H  J 

\  2  ) 

,(y  s) 


or: 


/\^  Ki  Y 
\  2  KCH 


(12) 


The  flow  gain  may  easily  be  derived  from  equation  (12).  The  size  of  the 
control  orifice  can  be  determined,  given  Pj  and  upon  having  determined 

and  Wj.. 
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Typical  of  other  simplifications,  the  effect  of  entrainment  of  the  control 


flow  by  the  main  stream  prior  to  switching  has  been  omitted  from  this 
analysis.  Its  effect,  if  any,  will  be  reflected  by  the  above  coefficients. 
For  first  approximation  calculations  its  omission  introduces  negligible 
error  since  the  entrainment  will  be  at  its  maximum  prior  to  switching; 
being  small  at  the  instant  that  switching  occurs. 
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FLUID  AXIPLIFIFR  IN  MSWITeKED*'  CONDITION 


Where:  x 

y 


DieUnce  7'rom  Orifice  Clnlet  to  Branch, 
Inchee 

Stream  Deflection  Over  Distance  x  ,  Inches 


Figure  1 
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INCREMENTAL  REPRESENTATION  OF  FLOW  STREAM 


FLUID  AMPLIFIER  IN 
HYPOTHETICAL  NULL  CONDITION 


Figure  3 
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THE  TURBULENCE  AMPLIFIER  IN  CONTROL  SYSTEMS 

by 

Raymond  N.  Augar 
of 

Fluid  Logic  Control  Systaras 
New  York  27»  N.Y, 


Introductl on  -  Tha  turbulenca  ampllflar  was  first  daacrlbad  as  a 
componant  ^or  fluid  logic  systems  at  the  1962  Symposium  on  Fluid 
Amplification.  At  that  time  hundreds  of  these  devices  had  been 
built  for  use  In  experiments  and  modal  systems.  Control  circuits 
using  various  Input  techniques,  logic  functions  and  output  transdu¬ 
cers  had  bean  thoroughly  tasted  to  verify  the  practicality  of  tha 
turbulence  amplifier  as  a  control  and  switching  element.  Since 
then  progress  has  been  made  In  both  Improving  the  design  of  TAs 
and  fabrication  techniques  for  manufacturing  them  and  also  In  ap¬ 
plying  them  to  an  increasing  number  of  situations.  Extensive  ex¬ 
perience  has  now  been  gained  In  their  use  In  Industrial  environ¬ 
ments,  It  has  been  established  that  complex  systems  using  hundreds 
of  TAs  can  reliably  operate  day  after  day  on  conventional  shop  air, 
summer  and  winter.  In  the  presence  of  severe  noise,  vibration  and 
moisture  In  the  air  supply  and  that  TA  systems  can  be  integrated 
with  complex  machine  systems  by  industrial  personnel  who  are  not 
specialists  in  the  fluid  logic  field. 

Standard  housing  cabinets.  Input  devices,  output  elements,  filter- 
regulators  and  manifolding  methods  have  now  been  established,  so 
that  large  TA  systems  can  be  offered  on  a  fast-delivery  basis  to 
solve  many  different  types  of  Industrial  control  problems,  TA  sys¬ 
tems  have  been  integrated  In  the  center  of  electrical  systems  In 
some  Instances,  and  In  others  used  to  completely  eliminate  electri¬ 
cal  devices.  This  papor  will  briefly  outline  the  characteristics 
of  the  turbulence  amplifier  and  then  cover  some  of  Its  applications. 

How  the  TA  Works  -  The  turbulence  amplifier 
Is  a  hlgh-galn,  very  low  pressure,  low  cost, 
no-raoving-parts  pneuinatlc  amplifier  which  can 
be  used  as  the  primary  switching  and  sensing 
device  In  many  control  systems  which  might 
use  or  presently  use  electromagnetic  relays, 
photocells,  limit  switches  or  transistor  logic 
modules.  The  major  advantages  of  the  TA  are: 

1)  high  reliability;  2)  simplicity  In  circuit 
design;  and  3)  low  cost.  The  turbulence  ampli¬ 
fier  uses  the  disturbance  amplification  prop¬ 
erties  of  long  laminar  streams.  Such  streams 
are  formed  by  O.O3O'*  l,d.  tube  In  standard  TAs 
and  directed  at  a  "collector'*  of  the  same  di¬ 
ameter,  If  there  la  no  air  flow  from  any  of 
the  Input  tubes.  Fig,  1,  the  projected  laminar 
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Fig.  2 


stream  loses  relatively  little  of  its  energy  dur¬ 
ing  its  free  travel  to  the  collector.  When  an 
air  stream  from  any  of  the  input  tubes  strikes 
the  laminar  stream,  however,  it  becomes  turbulent 
and  relatively  little  of  its  air  enters  the  col¬ 
lector.  Fig,  1  illustrates  the  manner  in  which 
turbulence  affects  the  variation  in  output  pres¬ 
sure,  and  Fig.  2  indicates  the  input-output  pres¬ 
sure  curve.  A  year  ago  2”  of  water  was  an  accep¬ 
table  stable  maximum  TA  output.  Now  wo  can  regu¬ 
larly  obtain  5”  and  expect  that  in  the  future  o” 
will  be  obtainable,  High-Pressure  TAs  are  being 
made  at  present  with  bettor  than  6"  w,  maximum 
outputs.  In  the  future  we  expect  to  have  10”  w, 
High-Pressure  units.  Although  one-third  of  a  psi 
is  hardly  a  high  pressure  by  conventional  pneuma¬ 
tic  standards,  nonetheless  it  can  provide  a  2 
pound  force  from  a  3”  diameter  diaphragm,  for  ex¬ 
ample,  which  proves  to  be  more  than  sufficient 
for  operating  small  valves,  snap-action  switches, 
mechanical  latches,  etc.  The  l,d,  of  tha  collec¬ 
tor  tube  la  0,030”  and  that  of  the  input  tubes 
0,010”,  resulting  in  a  volume  gain  in  excess  of 
10,  and  a  pressure  gain  also  in  excess  of  10,  so 
that  our  power  gain  is  well  over  100, 


Standard  TAs  presently  available  from  the  H  ^  H  Machine  Company  of 
Norristown,  Pennsylvania,  are:  two  Inputs,  single  output;  four  in¬ 
puts,  three  outputs;  two  inputs,  high-pressure  single  output;  and 
a  single  low-impedance  input,  to  be  discussed  later,  with  a  si  ngle 
output.  These  amplifiers  are  being  made  on  a  production  basis  at 
the  present  time,  in  addition  to  various  other  conponents  required 
for  the  assembly  of  fluid  logic  systems.  The  charac ter*l s ti c?  of 
these  components  represent  choices  in  si?;?,  air  consumption,  fabri¬ 
cation  convenience  and  other  factors,  so  as  to  yield  os  universal 
a  group  of  logic  elements  as  possible.  Were  a  demand  to  arise  for 

smaller  or  faster  TAs,  these 


could  be  built,  but  'n  gen¬ 
eral  it  appears  that  a  com¬ 
ponent  volumetric  reduction 
to  the  present  size  v/ould 
apnroach  certain  physical 
limits  Imposes  by  the  phen- 
omlnon  being  utilized. 

Standard  TAs  are  being  built 
in  pairs  at  oresent,  except 
for  the  low-imoedanco  input 
unit,  the  ASD,  Figs,  3  ®nd 
il-  Illustrate  a  pair  of  four- 
input,  three-output  ampli¬ 
fiers  . 
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Inputs  -  Many  different  techniques  and 
devices  can  produce  pneumatic  signals 
which  can  be  used  as  Inputs  to  TA  sys¬ 
tems,  The  Interruptable  Jet  (IJ), 
shown  In  Fig.  5»  is  the  most  versatile 
Input  device,  Tt  Is  a  very  precise 
way  of  detecting  the  location  of  a 
mechanical  object  without  making  con¬ 
tact  with  It.  The  IJ  projects  a  lam¬ 
inar  stream  over  a  distance  which  may 
be  less  than  or  as  long  as  I3’’,  de¬ 
pending  on  the  need  of  the  application. 
The  physical  Interruption  of  this 
stream  causes  the  collector’s  pressure 
to  drop  to  zero.  When  used  as  an  In¬ 
put  to  TAs,  the  IJ  will  be  repeatable 
In  Its  detection  of  the  Interrupting 
device  to  within  0.001”.  Unlike  con¬ 
ventional  electrical  switches,  the  IJ 
has  now  overtravel  limits  and  Imposes 
so  little  force  on  the  sensed  object 
that  it  can  be  used  to  detect  \;he  posi¬ 
tion  of  electrical  meter  needles.  IJs 
can  treuismlt  Interruptions  of  less  than 
2  ms,  or  non-interruptions  of  less  than 
7  ma. 

In  using  TA  systems  with  complex  mach¬ 
ine  systems,  the  IJ  Is  used  whenever 
possible  as  a  substitute  for  a  limit 
switch.  It  has  these  major  advantages 
over  electromechanical  limit  switches: 

1)  no  wear  or  friction  with  the  sensed 
object;  2)  no  overtravel  limits;  3)  ®3c- 
treraely  fast  response;  and  I4.)  extra¬ 
ordinarily  high  precision  when  required. 

The  Air  Stream  Detector  (ASD),  shown 
In  Fig,  6,  Is  the  TAs  counterpart  of  a 
photocell.  The  ASD  Is  very  similar  In 
construction  to  a  standard  TA  except 
for  Its  single  large  diameter  Input, 

The  large  input  tube  allows  the  ASD  to 
respond  to  pressures  almost  too  low  to 
measure.  The  ASD  can  sense  air  streams 
blown  from  Jets  or  small  blowers  over 
dlsteuices  ranging  from  a  few  Inches  to 
over  10’  .  The  Interruption  of  such 
streams  by  objects  moving  through  them 
allows  the  ASDs  Internal  stream  to  be¬ 
come  laminar. 


Inputs  to  TAs  can  be  obtained  by  blocking  orifices,  such  as  In  Fig,  7 
which  are  venting  small  amounts  of  air  to  the  atmosphere.  This 
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arrangement  creates  a  backpressure  behind  the  blocked  orifice.  This 
technique  can  be  used  for  precision  gaging  systems  to  sense  varia¬ 
tions  In  orifice-closure  of  less  than  0,0001”,  Because  of  the  low 
pressure  required  at  the  orifice,  it  can  be  used  to  sense  the  thick¬ 
ness  of  wet  paint  or  soft  coatings  of  various  typos. 

Outputs  -  The  pressure  obtained  from  TAs  can  be  converted  Into  physl- 
cal  motion  through  the  use  of  suitable  diaphragms.  Various  sizes 
of  mylar  diaphragms  are  available  to  operate  electrical  switches  of 
various  typos,  high-pressure  pneumatic  or  hydraulic  valves,  pro s sure - 
sensitive  electrical  transducers,  sensitive  Instrument  clutches, 
ratchets,  dogs,  etc.  Standard  TAs  provide  enough  pressure  to  actu¬ 
ate  snap-action  switches  with  a  small  diaphragm,  although  Hlgh-Pros- 
suro  TAs  are  recommended  for  operating  devices  requiring  more  than 
one  pound  of  force,  A  I50  psl  air  or  hydraulic  valve  Is  available 
with  a  5”  diameter  diaphragm  for  applications  requiring  high-pres¬ 
sure  fluid  control,  A  3”  diameter  diaphragm  provides  ample  force 
for  operating  most  snap-action  switches.  Speed  of  response  Is  deter¬ 
mined  by  the  number  of  TAs  used  to  provide  air  volume,  20  ms  being 
the  practical  minimum.  Visual  Indication  of  TA  pressures  Is  conven¬ 
iently  obtained  using  manometers. 

Although  a  number  of  pressure  switches  on 
the  market  at  the  present  time  have  suf¬ 
ficient  sensitivity  to  be  used  with  TAs, 
many  have  large  Internal  volumes  with  ca¬ 
pacities  which  result  In  delays  of  one  or 
two  seconds  before  actuation  If  a  single 
TA  Is  used  to  drive  them.  For  that  reason 
we  have  developed  a  simple  mini mum- volume 
diaphragm  actuator.  Any  type  of  snap- 
action  switch  can  be  used  with  It,  Hlgh- 
precislon  small-differential  switches  will 
respond  within  l/lO  second  when  such  dia¬ 
phragms  are  powered  only,  by  one  TA,  Larger 
switches  or  high-pressure  valves  requiring 
actuation  forces  In  excess  of  1  pound  and 
travels  on  the  order  of  I/I6"  will  require 
four  or  more  amplifiers  to  respond  with 
equal  speed.  Fig,  8  Illustrates  a  typical 
diaphragm-switch  structure. 


Using  TAs  In  Logic  Circuits  -  '^he  NOR  function  Is  the  most  basic 
and  universal  logic  concept.  A  NOR  device  produces  no  output  when 

,  The  TA  Is  a  "natural"  NOR  device  be- 
has  a  signal  the  projected  stream  becomes 
turbulent  and  the  TAs  output  Is  effectively  zero.  Of  course.  If  only 
one  Input  of  a  NOR  Is  used  by  a  circuit,  the  NOR  Is  operating  simply 
as  a  NOR,  or  simple  Inverter, 

One  TAs  output  can  be  connected  to  the  Inputs  of  over  10  others, 
and  conversely,  10  TA  outputs  can  be  connected  to  the  Inputs  of  one 
TA.  Signal  transmission  In  complex  circuits  takes  place  at  about 
3  ms/ft  of  tubing.  Switching  time  for  the  TA,  from  laminar  to  tur¬ 
bulent,  is  effectively  zero  In  addition  to  transmission  time,  but 
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any  of  Its  Inputs  Is  active 
cause  If  any  ot  its  Inputs 


inputs 


Fig.  8 


switching  time  from  turbulent  to  laminar  Is  from  2  to  10  ms,  depend¬ 
ing  OH  ^1^10  ^x*0V^ou8  si^riAX  ^1^0  cl0iiiftridl  ^1^0 

d0vlc0  bolng  op0rat0d«  Whan  tha  output  of  a  TA  is  connactad  to  its 
own  Input,  for  example,  with  a  total  circuit  path  of  about  li"  includ¬ 
ing  transmission  distance  in  the  TA  itself,  oscillation  at  about 
330  cps  occurs,  indicating  formation  of  some  output  signal  within 
2  milliseconds.  One  TA  can  operate  another  over  100*  away  through 
3/32”  i.d.  plastic  tubing.  Greater  distance  can  be  obtained  by  us¬ 
ing  more  than  one  TA  to  provide  the  signal  or  by  using  larger  tub¬ 
ing. 


OOTi 


OOT2 


Fig.  9 


Fig.  10 


Memory,  AND,  OR  -  Obtaining  memory  capa- 
blllty  in  logic  circuits  is  accomplished 
through  a  flip-flop  (PP)  circuit.  Its 
electromechanical  counterpart  is  a  latch¬ 
ing  relay.  Two  TAs  are  used  to  make  a  PP 
by  the  circuit  shown  in  Pig.  9*  When  Ni 
has  an  output,  N2  is  kept  turbulent.  A 
brief  pulse  (3  to  10  ms.  or  longer)  into 
INi  will  cause  to  become  turbulent, 
thereby  allowing  N2  to  become  laminar 
which  keepts  turbulent.  A  pulse  into 
INg  will  reverse  the  state  of  the  PP. 

The  AND  function  is  the  same  as  the  NOR 
function  with  inverted  Inputs.  All  of  the 
Inputs  into  an  AND  must  be  present  for  the 
AND  to  yield  an  output^  The  AND’s  circuit 
is  shown  in  Pig.  10. 

The  OR  function  is  obtained  by  inverting 
the  output  of  a  NOR.  An  OR  produces  an 
output  when  any  input  is  present. 

Standard  counting.  Industrial  logic  and 
arithmetic  circuits  are  found  in  the  book¬ 
let  "PLUID  LOGIC  PUNDAMBNTALS  AND  THE  TUR^ 
3ULENCE  AMPLIPIER”. 


Power  Supplies  -  TAs  are  very  low  power  devices.  The  electrical 
energy  required  to  provide  the  pneumatic  power  for  one  TA  is  less 
than  150  milliwatts  if  an  efficient  motor  and  low-pressure  pump  are 
used.  Conventional  "shop  air"  pneumatic  power  can  be  used  if  care 
is  taken  to  remove  water  vapor  through  suitable  traps.  Large  TA 
systems  have  been  used  with  air  very  heavily  laden  with  moisture, 
but  in  general  the  life  of  a  TA  system  is  limited  only  by  the  qual¬ 
ity  of  the  air  used  with  it.  When  TA  systems  using  over  a  few  hun¬ 
dred  eunpllflers  are  Installed,  it  may  be  desirable  to  use  a  low- 
pressure  pump  to  provide  air  specifically  for  the  TAs.  The  air  from 
such  a  pump  will  have  little  oil  or  water  vapor  and  will  use  little 
electricity  for  its  compression.  Standard  filter-regulators  are 
available  which  can  provide  more  than  sufficient  regulation  for  TA 
systems  despite  wide  variations  in  supply  pressures.  Each  TA  con¬ 
sumes  approximately  0.05  l/3  Psi* 


265 


Manifolding  TAs  to  th«  supply  sourca  prsssnts  no  special  problstn  ex¬ 
cept  that  care  must  b«  taken  to  prevent  high  velocity  air  In  any 
manifolding  system  from  generating  high-frequency  acoustical  noise* 
Pulsating  air  sources  present  no  problems  as  long  as  the  pulses  are 
below  100  or  200  cycles  per  second  and  the  minimum  pressure  between 
pulses  Is  no  less  than  60^  of  maximum  pressure  at  the  peak  of  the 
pulses • 


Pig,  11 


A1 


Streaa 


■oTlng 

object 


Pig.  11  Indicates  how  compactly  a  complete 
TA  system  can  be  built*  The  22”  long  model 
boat  shown  contains  a  battery-operated  pump, 
a  sound-sensitive  laminar  stream  device, 
and  a  pressure  switch  in  addition  to  the 
model* s  drive  motor  and  steering  mechanism. 
This  toy  boat  can  be  reversed  and  steered 
to  the  left  or  right  by  the  sound  of  a 
whistle  being  blown  from  up  to  150  feet 
away.  The  sound-sensltlvl ty  of  long  lam¬ 
inar  streams  of  the  dimensions  used  In 
this  model  Is  limited  to  the  5  to  10  kc 
range;  consequently  the  model  Is  not  re¬ 
sponsive  to  normal  vocal  sounds  or  even 
the  noise  produced  by  its  own  pump, 

Appllcatl ons  -  The  circuit  In  Pig.  12  11- 
lustraies  the  use  of  the  TA  as  a  pneumatic 
amplifier*  An  ASD,  described  earlier,  de¬ 
tects  an  air  stream  projected  by  a  blower 
or  Jet*  The  output  of  the  ASD  Is  fed  to 
six  TAs  which  In  turn  operate  a  diaphragm- 
operated  valve.  A  box  or  other  object 
which  breaks  the  projected  stream  will 
cause  the  valve  to  respond  within  l/lO 
second  and  with  a  positional  repeatability 
of  the  Interrupting  object  of  better  than 
1/8”.  Delayed  response  can  be  obtained  by 
using  fewer  TAs  to  drive  the  diaphragm. 


Pig*  12 


Were  two  ASDs  used,  each  being  fed  to  the 
six  TAs,  It  would  be  possible  to  have  the 
system  respond  only  to  objects  long  enough 
to  block  the  Inputs  of  both  ASDs.  The  com¬ 
ponents  of  the  system  shown  (regulator, 

TAs,  ASD,  diaphragm-operated  valve,  mani¬ 
folds,  etc.)  can  be  purchased  for  about 
$50*00*  Assembled  In  a  suitable  housing, 
their  coat  Is  $75* 

Pig*  13  Illustrates  a  set-up  at  the  HAH 
Machine  Co.  for  testing  the  speed  of  response 
of  Pig.  12’ a  circuit.  A  ayhohronomous  clock 
motor  rotates  a  plastic  disk  at  a  speed 
which  causes  ears  on  the  disk  to  Interrupt 
a  projected  stream  of  air  l|  times  a  second* 
The  air  Is  projected  over  a  distance  of 
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about  I4.  Inches  from  a  I/16”  tube  with  a  supply  pressure  of  less  then 
1;  psl.  This  projected  turbulent  stream  Is  intercepted  by  a  I/8**  i*d« 
tube,  and  then  carried  about  one  foot  to  the  input  of  an  Air  Stream 
Detector.  The  output  of  the  Detector  then  drives  six  Hi  i^h- Pres  sure 
TAs,  which  activate  a  diaphragm-operated  spool  valve  with  50  psl  at 
its  inlet.  The  output  of  the  valve  then  operates  a  small  1**  bore 
cylinder  through  a  1"  stroke. 


Pig.  ill  (above) 
P’1*.  13  (left) 


Hydraulic  or  pneumatic  positioning  systems  used  in  automation  equip¬ 
ment  often  have  the  requirement  of  having  easily  adjusted  stops  and 
occasionally  mid-range  stops.  This  can  bo  done  by  cam-operated 
valves.  Greater  positioning  accuracy,  however,  and  freedom  from 
cam  wear  can  be  obtained  by  using  IJs  to  detect  light  weight  vanes 
and  then  amplifying  the  IJ' s  output  with  TAs  to  operate  high-pres¬ 
sure  valves.  The  circuit  in  Fig,  1I4.  shows  how  a  spring-returned 
pneumatic  piston  can  be  made  to  automatically  cycle  between  two  IJs 
^riving  a  FF,  Other  IJs  and  a  simple  TA  circuit  can  be  used  to  cre¬ 
ate  a  slow-down  prior  to  the  final  stops. 

Because  IJs  place  virtually  no  load  on  the  object  they  sense,  they 
can  be  used  to  follow  the  profile  of  cardboard  or  light  metal  cams. 
By  amplifying  the  output  of  an  IJ  with  TAs  to  operate  a  diaphragm 
valve,  a  pneumatic  or  hydraulic  piston  can  be  positioned  so  as  to 
keep  the  IJ  on  the  edge  of  the  cam,  IJ  positioning  to  within  0.001” 
is  possible  with  such  an  arrangement. 

Fig.  15  Illustrates  the  first  complex  turbulence  amplifier  demon¬ 
stration  control  system,  built  in  early  19^2.  It  is  a  model  conve¬ 
yor  control  which  senses  the  movement  of  objects  down  a  conveyor 
by  their  interruption  of  projected  streams  across  the  belt.  Sig¬ 
nals  from  the  air  stream  detectors  are  fed  to  ANDs  along  with 
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Pig.  15 


J'lg.  16 


signals  from  flip-flops  op- 
sratsd  by  orlflca  closura 
typa  "push  buttons."  Coln- 
cldanoa  of  a  signal  from  a 
flip-flop  and  an  Air  Straam 
Datactor  causes  a  prassura 
switch  to  oparata,  stopping 
the  bait. 

Fig,  l6  illustrates  a  sat-up 
also  at  H  A  H  to  damonstrata 
tha  affactlvanass  of  laminar 
straams  thamsalvas  to  da tact 
objacts,  Thraa  small  blocks 
having  holas  through  their 
cantars  are  rotatad  on  a  turn- 
tab  la  at  30  rpm  through  a 
|n*oup  of  laminar  streams. 
Depending  upon  tha  orientation 
of  tha  blocks »  tha  streams 
provide  different  signals  Into 
a  simple  loglo  circuit  which 
distinguishes  the  orientation 
of  the  blocks  and  holds  this 
Information  in  a  flip-fop  un¬ 
til  tha  part  is  located  alsa- 
whera  on  tha  table.  This  cir¬ 
cuit  simulates  the  requirement 
for  distinguishing  tha  orien¬ 
tation  of  a  part  on  a  conveyor 
belt  or  whan  dal  varad  from  a 
vibratory  feeder  and  than,  at 
soma  later  point  on  the  convey¬ 
or  system,  doing  something, 
such  as  stamping,  marking  or 
rejecting  the  part. 

Pig.  17  is  a  photograph  of 
tha  most  complicated  and  most 
thoroughly  tasted  TA  system 
built  to  data.  It  contains 
over  120  ampllflaru  connected 
to  form  a  6  stage  binary 
counter.  Manometers  on  tha 
front  of  the  panel  Indicate 
the  condition  of  the  counters. 
Tha  Inputs  to  this  machine  are 
derived  from  blocked  orifices 
at  the  shaft  of  an  automatic 
assembly  swichine.  During  the 
counting  cycle  various  numbers 
art  recognised,  flip-flops  set 
and  pressure  switches  actuated. 
The  coxmter  automatically 
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recycles  on  reaching  a  num¬ 
ber  determined  by  the  dial 
on  the  front  of  the  mach¬ 
ine,  This  dial  mechanism 
proved  unreliable  after 
some  use  and  was  replaced 
with  a  patchboard  set-up 
so  that  the  operator  of 
the  machine  actually  al¬ 
ters  connections  on  Its 
panel  with  plastic  tubing 
In  order  to  obtain  responses 
for  different  numbers. 

The  arrangement  of  turbu¬ 
lence  amplifiers  in  this 
device  provided  some  diffi¬ 
culty  during  final  assembly 
as  a  result  of  tubing  con¬ 
gestion,  and  so  a  second 
counter  of  this  general 
type  was  built  with  all  of 
the  amplifiers  on  a  single 
panel,  Th  machine  Illus¬ 
trated  In  Fig,  18  is  In 
early  stages  of  assembly, 
and  not  all  of  Its  100  am¬ 
plifiers  are  In  position, 
but  the  connections  of  the  first  group 
of  amplifiers  at  lower  left  Illustrate 
the  tubing  density  which  resulted  In 
the  final  machine.  This  housing  tech¬ 
nique  appears  to  be  the  most  suitable 
for  Industrial  installations,  A  group 
of  TAs  completely  connected  can  be 
mounted  in  a  housing  only  2^^  thick, 
complete  with  pressure  switches  or  high 
pressure  valve  outputs,  100  amplifiers 
and  two  pressure  switches  plus  a  supply 
pressure  gage  fit  In  a  cabinet  15"  by  31" 


Pig.  17 


Fig*  18 


ig.  19 


Fig,  19  Illustrates  the 
ease  with  which  TAs  can  be 
integrated  Into  electrical 
assemblies.  The  device  Il¬ 
lustrated  Is  a  current  bal¬ 
ancing  bridge  circuit  with 
a  meter  Indication  of  bridge 
unbalance,  A  change  In  cur¬ 
rent  of  less  than  l/lO  Am¬ 
pere  In  a  load  of  up  to  15 
Amperes  moves  the  pointer 
of  the  mllllarmeter  enough 
to  Interrupt  a  short  laminar 
stream.  The  air  volume  and 
pressure  of  this  stream  Is 
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amplified  by  a  group  of  TAs 
and  than  uaad.  to  oparata  a 
pros sure  awitah*  Spaad  of 
raaponaa  to  small  ohangas 
Is  lass  than  l/5  sacond* 

This  davloa  is  usad  to  con¬ 
trol  tha  faed  motor  of  a 
buffing  machine,  so  as  to 
account  for  buffing  wheal 
wear. 

Designing  a  TA  System  - 
i'^lg*  2C)  Illustrates  a  de¬ 
vice  designed  specifically 
to  enable  control  system 
designers  and  those  Inter¬ 
ested  In  fluid  logic  to  con¬ 
veniently  study  turbulence 
amplifier  operation.  It  em¬ 
ploys  10  TAs,  Indicator 
manometers  and  a  supply 
press\ire  manometer,  a  syn- 
chronomous  motor  to  facili¬ 
tate  the  generation  of  pre¬ 
cise  pulses,  two  Interrup- 
table  Jets,  an  Air  Stream 
rig,  20  Detector,  a  37-page  Instruc¬ 

tion  book  and  a  filter- 
regulator,  This  device  has 

proven  very  useful  for  tha  study  of  logic  system  dealgn  as  well  as 
demonstrating  TA  system  capabilities.  It  Is  a  standard  produce  of 
the  HAH  Machine  Company. 

Tha  experience  gained  In  working  with  TA  systems  during  the  last  two 
years  Indicate#  that  they  presently  offer  a  highly  reliable  non-elec- 
trlc  solution  to  many  control  problems  conventionally  solved  through 
the  use  of  electromagnetlo  relays,  TA  control  systems  are  economical 
In  teras  of  power  consumption,  original  device  cost,  weight,  design- 
time,  slse,  and  Installation.  Of  course  they  present  no  fire,  ex¬ 
plosion  or  shock  hazard.  Input  techniques  offer  precision  and  life 
capability  far  beyond  tha  ranges  of  electrical  contact  devices. 
Components  are  now  available  for  delivery  on  short  notice,  and  we 
expect  to  have  dealer  stocks  of  them  In  various  cities  before  too 
long.  Completely  assembled  TA  systems  of  any  size  cam  be  built  to 
order  generally  within  60  days.  Small  systems,  such  as  the  circuit 
shown  In  Pig,  12,  for  the  direct  amplification  of  the  output  of  an 
ASD  or  IJ  to  operate  a  pressure  switch  or  high-pressure  valve,  can 
be  supplied  In  much  less  time  and  will  also  be  stocked  Items  shortly. 
With  quantity  utilization,  the  price  of  TA  components  will  Inevitably 
be  reduced.  Future  minimum  prices  are  doubtlessly  quite  distant 
from  present  prices,  which  are,  nonetheless,  generally  competetlve 
with  electrical  counterparts. 

We  are  prepared  to  provide  every  assistance  to  organizations  wishing 
to  use  the  TA  for  the  control  of  new  or  old  equipment  or  as  a  crucial 
or  minor  part  of  new  products.  We  have  great  faith  In  the  future  of 
TAs  and  would  like  to  Invite  all  those  In  the  fluid  logic  field  to 
join  us  In  profiting  In  their  use, 
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SUMMARY 

A  new  class  of  fluid  amplifier  has  been  devised  In  which  a  balance  of 
forces  on  balls  of  two  sizes  valves  air-pressure  signals.  The  few  simple 
parts  allow  high  Input  flow  resistance,  low  output  resistance,  low  power 
dissipation,  visual  Indication  of  state,  and  compatibility  with  a  variety  of 
outputs  Including  bellows,  nozzles,  and  electrical  contacts. 

Two  balls  form  a  logical  inhibitor,  and  three  balls  comprise  a  two- 
input  NOR,  either  elemerc  being  sufficient  to  combine  in  networks  for  all 
binary  logic  functions.  A  wide  range  of  size  and  pressure  level  is  possible. 
Units  have  been  made  as  small  as  0.04  In.^  per  NOR  with  interconnections. 

Power  consumption  of  10  milliwatts  and  switching  times  of  1.7  milliseconds 
have  been  measured.  Ball  diameters  of  from  1/16  to  3/8  in.  are  representative. 
Supply  pressures  have  ranged  from  0.1  to  100  psig. 

The  two-ball  clement  can  also  be  combined  with  flow  restrictors  to  act 
as  an  operational  amplifier  for  analog  summing  and  integrating.  All-solid 
parts  of  a  variety  of  materials  can  tolerate  high  temperature  and  hard 
radiation . 

INTRODUCTION 

Tiny  valves,  containing  only  sliding  balls  of  two  sizes,  can  control 
and  amplify  air-pressure  signals.  The  advantages  and  limitations  of  this 
pneumatic  component  have  been  studied  in  digital  and  analog  systems,  both 
analytically  and  experimentally.  The  multiple-ball  amplifiers,  designed  to 
fit  the  requirements  outlined  below,  arc  capable  of  even  more  general  appli¬ 
cation  . 

DESIGN  PHILOSOPHY 

The  valves  were  intended  to  control  directly  a  useful  mechanical  load 
such  as  a  spring- returned  piston,  a  bellows,  or  a  nozzle  with  appreciable 
back  pressure.  Therefore,  operating  as  a  binary  logic  element,  the  device 
should  put  out  a  steady  pressure  in  one  state,  and  should  exhaust  the  trapped 
compressed  air  to  the  atmosphere  in  the  other  state.  These  states  will 
arbitrarily  be  called  ON,  or  one,  and  OFF,  or  zero,  respectively. 

In  order  to  supply  power  to  nozzles  and  other  leaky  chambers,  the 
pressure  in  these  chambers  must  be  sustained  by  continual  flow.  This  calls 
for  low  resistance  to  flow  out  of  each  amplifier.  In  addition,  if  each 
amplifier  input  has  high  leakage  resistance,  then  one  element  will  be  able 
to  fan  out  to  drive  many  others  in  a  logic  network. 
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Th«  intarconnectlons  between  these  logic  elewents  are  to  be  staple  to 
design.  Therefore,  each  input  should  have  gain,  to  boost  weak  signals  back 
to  full  strength,  and  the  inputs  should  be  well  isolated  froa  each  other,  to 
avoid  vetting  up  stray  signal  paths.  The  connecting  lines  should  be  slaply 
fluid  conductors,  requiring  no  special  shapes  or  resistances.  These  require- 
aents  can  be  net  if  the  input  chaabers  are  closed  by  solid  parts,  aoved  by 
fluid  pressure. 

Elastoaers  and  aechanlcal  springs  or  flexing  parts  were  avoided  because 
of  their  tendencies  to  deteriorate  with  teaperature,  stress,  and  tlae,  and 
because  they  would  probably  coaplicate  asseably  of  the  aapllfiers.  The  in¬ 
clusion  of  coapllant  parts  would  also  iaply  that  the  air  supply  pressure  aust 
be  closely  regulated  to  a  narrow  range  in  order  to  accoaaodate  the  predetemlned 
spring  forces,  but  units  that  can  operate  over  a  wide  range  of  supply  pressure 
are  aore  useful . 

Xf  the  eleaents  are  to  be  low  cost,  they  aust  consist  of  siaple  parts, 
easily  aade  or  readily  available.  Solid  balls  sliding  in  through-drilled 
holes  in  stacked  flat  plates  are  a  suitable  exaaple  of  inexpensive  precision. 

TBE  BASIC  KLEMEIfT 

'ihe  switching  action  aust  be  caused  by  an  unbalanced  force,  which  could 
be  due  to  differing  pressures  on  opposing  equal  areas.  This  approach  was 
rejected  in  our  case  because  it  seeaed  to  call  for  either  coapllcating  the 
interconnecting  passage  with  flow  resistors,  or  else  for  supplying  two  exactly 
spaced  pressure  levels.  The  other  way  of  causing  the  valve  to  wove,  equal 
pressures  on  opposed  differing  areas,  occurs  when  two  balls  of  different 
disasters  are  arranged  as  shown  in  rig.  1. 

The  balls  slide  freely  in  round  holes  through  plates  fastened  together. 

Ind  plates  cover  the  boles.  Halting  travel.  Pressure  signals  enter  and 
leave  the  bores  as  shown.  The  exhaust  port  between  the  balls  dissps  the  air 
when  the  output  is  turned  0”T,  and  it  also  prevents  the  leakage  around  the 
balls  froa  building  up  pressure  between  thea  and  separating  then. 

INHIBITOR 

When  only  Input  A  is  pressurized,  both  balls  are  pushed  to  the  right, 
and  the  output  is  ON.  But,  if  Input  B  is  supplied  with  the  saae  (or  even 
soaswhat  lower)  pressure,  the  balance  of  forces  will  accelerate  the  balls  to 
the  left,  whether  or  not  Input  A  is  ON.  The  saaller  ball  slides  across  the 
output  port,  letting  it  exhaust,  and  seals  off  Input  A.  Thus,  this  two-ball 
eleaent  is  ON  only  if;  A  is  ON,  and  B  is  not  ON.  The  AND  and  NOT  functions 
of  this  logical  "inhibitor"  are  especially  useful  in  decoding  systeas. 

nrQ-nnvr  nor 

The  addition  of  another  ball  converts  the  inhibitor  into  the  two-input 
NOR  device  shown  in  cross  section  in  Fig.  2.  The  left-hand  port  is  now  per- 
aanently  connected  to  the  supply  pressure,  and  the  input-signal  ports  both 
temlnate  in  closed  chaabers  foraed  by  the  larger  balls  and  their  bore.  Thus, 
the  inputs  are  Isolated  froa  each  other  and  froa  the  output.  By  action  siallar 
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to  that  of  the  two-ball  unit,  the  output  of  the  NOR  la  ON  only  when  neither 
Input  A  nor  Input  B  Is  ON.  Another  large  ball  could  be  added  to  the  NOR  for 
each  additional  Input  desired. 

An  Ideal  leakless  unit,  In  which  the  projected  area  of  the  larger  balls 
was  twice  that  of  the  smaller  ball  (diameter  ratio  of  ^2)  would  have  a  switch¬ 
ing  threshold  Just  halfway  between  the  level  of  the  supply  and  exhaust 
pressures.  Input  signals  at  full  supply  pressure  would  result  In  equal 
switching  force  In  each  direction.  Stock  ball  sizes  do  not  allow  for  the 
theoretical  diameter  ratio  of  1.414,  but  the  ratios  1.333  and  1.500  are  readily 
available.  The  smaller  ball-area  ratios  tend  to  give  smaller  over-all  size 
and  mass  with  resulting  faster  speeds,  but  the  larger  ratios  can  give  more 
sensitivity  (gain)  and  ability  to  drive  more  other  units  (fanout) .  The  ball- 
area  ratio  Is  not  critical,  and  can  be  varied  to  fit  particular  requirements. 

Another  design  detail  that  Is  open  to  choice  is  the  location  and 
relative  size  of  the  (left-hand)  port  from  the  supply-pressure  manifold. 

If  this  port  Is  small  and  on  the  centerline  of  the  bore,  the  small  ball  will 
close  It  off  as  It  moves  to  the  left,  damping  Incipient  bounce,  lowering  the 
standby  leakage,  and  giving  a  snap  action  when  the  valve  next  opens.  On  the 
other  hand,  If  the  port  is  large  and  off  center,  there  will  be  less  hysteresis 
around  the  switching  threshold,  and  the  lower  output  resistance  will  allow 
more  fanout . 

After  trying  several  ball  materials,  we  have  tentatively  decided  upon 
steel  in  small  elements  because  of  Its  precision  and  toughness,  and  nylon 
In  larger  devices  (where  less  precision  Is  needed)  for  Its  low  density 
and  long  wear.  Both  are  readily  available  at  low  cost. 

Figure  3  Is  a  photograf^  of  a  typical  block  of  eight  separate  three- 
ball  NOR  elements  In  one  supply  manifold.  Brass  tubes  pressed  Into  the  Input 
and  output  ports  form  a  patchboard  on  which  signal  connections  are  made  by 
slipping  vinyl  sleeving  over  the  tubes.  (These  simple  connections  have  been 
used  successfully  at  pressures  up  to  20  pslg.)  The  balls  In  this  unit  are  of 
3/32-ln.  and  1/8-ln.  diameter  steel,  the  center  plates  are  aluminum,  and  the 
end  plates  acrylic.  These  materials  were  chosen  for  easy  fabrication  of  an 
experimental  model,  but  held  up  well  for  over  50  million  on-off  cycles.  The 
ball  diametral  clearance  Is  readily  held  to  within  a  fraction  of  a  mil  by 
through-drilling  and  reaming  each  hole,  then  pressing  through  an  oversized 
tungsten-carbide  ball. 

The  exact  size  and  shape  of  the  signal  paths  are  not  important,  nor 
do  the  stacked  plates  need  to  be  exactly  aligned,  so  construction  Is  rapid. 

Units  this  size  have  been  operated  from  pressure  supplies  of  from  0.1 
to  100  pslg.  A  pressure  level  between  I  and  4  pslg  was  found  experimentally 
to  give  a  good  balance  between  the  high  speed  and  good  acceleration-tolerance 
of  high  pressures  and  the  reduced  bounce  and  low  power  drain  attainable  at 
low  pressures.  Calculations  predict  that  the  units  could  tolerate  up  to  9  g's 
per  psl  of  supply  pressure  without  erroneous  switching. 

These  NOR's  have  a  fanout  of  about  5,  and  their  operating  power  require¬ 
ment  at  1  pslg  In  logic  systems  Is  about  10  milliwatts.  Standby  power  drain 
Is  about  90%  of  that.  Indicating  that  most  of  the  air  power  Is  dissipated 
by  leakage,  rather  than  by  pressurizing  and  exhausting  the  Input  chambers. 
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Other  laboratory  models  have  been  made  in  various  configurations  and 
sizes.  The  smallest  and  fastest  NOR  elements  of  this  typo  (see  Fig.  4) 
have  steel  balls  of  1/16-ln.  diameter.  They  occupy  a  volume  of  0.04  in.^ 
per  element  ,  including  interconnections  in  the  form  of  grooved  plates  (like 
printed  circuits)  that  cover  the  input-output  holes.  The  period  of  oscilla¬ 
tion  of  three  elements  in  a  free-running  ring  indicated  that  their  individual 
switching  time  at  8  psig  was  1.7  millisec. 

SPEED  OF  RESPONSE 

The  switching  speed  of  these  elements  is,  to  a  first  approximation, 
the  sum  of  three  terms:  the  time  delay  for  a  pressure  wave  to  be  transmitted 
from  one  device  to  the  next ,  the  lag  in  pressurizing  an  air  chamber  through 
a  port,  and  finally  the  time  required  to  accelerate  the  moving  parts  to  a 
new  position  after  full  pressure  is  present. 

Scaling  the  element  down  to  smaller  size  reduces  all  of  these  terras 
proportionally . 

An  increase  in  supply  pressure  has  little  effect  on  the  transmission 
delay;  it  actually  increases  the  lag  time  because  of  increased  compressibility 
effects,  but  decreases  the  acceleration  time  as  the  square  root  of  pressure 
level . 


The  acceleration  time  is  also  proportional  to  the  square  root  of  the 
mass  density  of  the  ball  material, so  that  a  change  from  steel  to  nylon  balls 
can  better  this  term  by  almost  a  factor  of  3.  The  fact  that  the  response 
of  most  of  these  amplifiers  is  mainly  limited  by  the  acceleration  time  does 
have  one  advantage:  the  response  of  all  elements  in  a  dynamic  logic  system 
will  remain  the  same  regardless  of  minor  differences  in  fanout,  line  lengths, 
and  restrictions. 

A  more  complicated  analysis  is  required  when  the  elemenf  is  speeded 
up  (by  reducing  size,  increasing  pressure,  and  lightening  the  balls)  to  the 
point  where  all  three  response  terms  are  of  the  same  order  of  magnitude. 

This  has  not  been  done  in  detail,  but  a  switching  speed  of  about  1  ms  appears 
to  be  a  practical  limit. 

BINARY  CIRCUITS 

Either  the  inhibitor  or  the  two-input  NOR  is  logically  sufficient  as 
the  sole  building  block  in  all  binary  functions  and  computations. 

In  the  block  diagrams  of  some  typical  circuits,  the  inhibitor  is 
represented  by  a  rectangle  containing  the  letters  AN.  This  is  a  mnemonic 
to  indicate  that  the  signal  entering  the  A  (for  AND)  side  is  connected  with 
an  AND  to  the  Boolean  negation  of  the  signal  entering  the  N  (for  NOT)  side. 
Physically,  the  N  side  is  that  of  the  larger  ball. 

The  NOR  symbol  is  a  triangle,  with  signals  going  into  a  side  and  the 
output  at  the  opposite  vertex.  The  supply  pressure  and  exhaust  connections 
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to  cnch  NOR  are  omitted  in  the  diagrams.  Where  additional  supply  pressure 
connections  are  needed,  they  are  denoted  by  a  one . 

Figure  5  shows  that  an  inhibitor,  supplied  with  constant  pressure  and 
fed  back  so  that  its  output  tends  to  negate  itself,  becomes  an  oscillator. 

In  Fig.  6,  two  NWs  In  a  loop  form  a  basic  memory  element,  the  two- 
input  "flip-flop." 

The  next  diagram.  Fig.  7,  refers  to  the  rudimentary  punched-tape  reader 
and  decoder  seen  in  the  photograph,  Fig.  8.  Two  holes  in  the  tape  arc  read 
and  decoded,  and  appropriate  action  is  taken  (simulated  by  pressurizing  one 
of  several  gages),  all  pneumatically. 

Two  binary  numbers  are  added  in  the  circuit  of  Figs.  9  and  10.  The 
numbers  are  entered  as  parallel  combinations  on  push-button  valves,  and  their 
sum  is  displayed  in  parallel  binary  code  on  pressure  gages  (as  on-off 
indicators)  . 

The  last  example  network.  Figs.  11  and  12,  continually  cycles  throe 
outputs  as  shown  in  the  timing  diagram  of  Fig.  11.  The  outputs  in  this  case 
create  air  jets  from  nozzles  for  an  experiment  dealing  with  tactile  perception, 
i.e.,  information  sensing  through  the  skin.  The  flow  resistances  R  and  the 
tanks  C  form  lag  circuits  that  slow  the  cycle  down  to  the  desired  rate. 

PNEUMATIC  OPERATIONAL  AMPLIFIER  CIRCUITS 

The  two-ball  pneumatic  element  previously  described  as  an  inhibitor 
for  digital  circuits  can  also  be  used  as  an  operational  amplifier,  the  basic 
unit  of  analog  computing  circuits. 

Figure  13  shows  one  form  of  such  an  amplifier  provided  with  flow 
resistances  to  give  the  inverted  sum  of  two  input  pressure  signals. 

The  balls  are  freely  sliding  but  well  fitted  to  the  holes.  The  smaller 
ball  throttles  the  output  port ,  acting  as  a  pressure  divider  between  the 
supply  and  exhaust  pressures.  If  the  cross-sectional  area  of  one  ball  is 
twice  that  of  the  other,  then  the  balls  will  be  in  static  equilibrium  only 

when  P  -P  =  i(P  -P  ).  But,  since  P  is  a  fixed  reference  pressure,  then 

X  a  s  a  s 

P  will  also  be  a  fixed  known  pressure  level  (except  for  transient  disturbances.) 
Tfiis  Pjj  corresponds  to  the  "virtual  ground"  at  the  summing  Junction  of  an 
electronic  summing  amplifier.  The  input  signals  are  represented  by  the 
pressure  differentials  (Pi-Px)  and  P2“Px)  >  can  therefore  be  positive  or 
negative  (with  respect  to  "computer  ground,"  Px)  • 

The  R's  shown  in  the  preceding  diagram  are  linear  flow  resistances, 
e.g. ,  capillaries  or  porous  plugs.  (Resistance  here  has  the  units  of  pressure 
drop  divided  by  volume  flow  rate.)  The  needle  valve,  b,  can  be  adjusted  so 
as  to  balance  out  the  effect  of  leakage  past  the  large  ball,  thus  eliminating 
zero  offset  of  the  output. 
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A  suaaatlon  of  flow  rates  Into  the  chanber  will  show  that  the  output 
is  the  negative  weighted  sun  of  the  Inputs,  as  follows; 


R  R 

=  -  r:  ‘"rV  -  r:  ‘•’r-V  • 

X  m 


Note  that  and  P2  are  sssusMd  to  be  pressure  sources,  of  low  Internal 
resistance.  They  Bust  be  able  to  put  out  or  to  accept  some  flow  at  constant 
pressure.  It  can  be  seen  that  these  operational  amplifiers  can  drive  and  be 
driven  by  other  units  like  themselves  In  circuits. 


The  usual  electronic  way  to  Integrate  a  function  with  respect  to  time 
using  an  operational  amplifier  Is  to  feed  back  around  the  amplifier  through  a 
coupling  capacitor.  The  pneumatic  analogy  to  this  coupling  capacitor  is 
two  chambers  separated  by  a  spring-loaded  partition  or  compliant  membrane. 

For  applications  where  these  springy  elements  are  not  desirable,  there  is 
another  scheme  for  integrating  that  is  based  upon  the  fact  that  a  rigid 
tank  containing  air  is  analogous  to  a  capacitor  with  one  end  tied  to  ground. 

Electronically,  a  current  source  feeding  such  a  capacitor  would  generate 
a  voltage  at  the  capacitor  proportional  to  the  integral  of  the  current.  The 
current  could  be  controlled  by  monitoring  the  drop  across  a  resistor.  The 
pneumatic  analog  Is  shown  In  Fig.  14.  Arrows  show  information  flow,  not 
necessarily  air-flow  direction.  The  restrictors  marked  are  all  of  equal 
(linear)  resistance;  C  Is  the  "pneumatic  capacitance"  of  the  air  tank.  Analy¬ 
sis  of  the  circuit  shows  that  wo  have  the  desired  function; 

The  two-ball  element  can  also  be  used  as  a  high-gain  amplifier  for 
control  as  well  as  computing.  Figure  15  shows  a  fluid  servomechanism  for 
positioning  a  variable  load  in  continuous  response  to  a  low-power  pressure 
signal .  There  are  no  springs  or  diaphragms  to  creep  or  deteriorate  at  high 
temperatures.  The  load  displacement,  x,  will  be  proportional  to  (P^-Px) • 

Valve  b  can  be  used  to  set  the  zero  position. 


The  capillary  gap  around  the  enlarged  portion  of  the  piston  rod  pro¬ 
vides  a  feedback  flow  rate  proportional  to  position.  The  resulting  flow 
summation  at  the  amplifier  Input  causes  the  balls  to  shift  and  valve  fluid 
to  or  from  the  head  end  of  the  cylinder  until  an  equilibrium  position  is 
reached,  in  correspondence  to  the  input  signal. 

A  pressurized  air  bearing  forms  a  different  position  control  system 
in  which  the  insertion  of  a  fluid  amplifier  and  an  air  gage  can  improve  stiff¬ 
ness  and  stability. 

Hybrid  circuits  with  the  same  kind  of  element  throughout  are  Internally 
compatible  since  these  elements  are  designed  to  drive  each  other  readily. 

A  sample  portion  of  a  circuit  is  shown  In  Fig.  16  to  Illustrate:  analog 
sensing  of  displacement,  an  analog  buffering  and  Inverting  amplifier,  analog 
summing,  a*'d  binary  switching  after  threshold  detection.  The  balance  valve 
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In  the  summer  could  be  used  to  vary  the  threshold.  The  weight  associated 
with  each  Input  to  the  summer  is  adjustable,  as  shown  previously.  The  output 
could  obviously  continue  on  to  other  binary  (or  analog)  devices. 


279 


INPUTS 


INPUTS 


ON  ON 

(OR  OFF) 

ON  (OFF)  I  i 


♦  (OFF) 

ON 


Fig.  1 

The  Basic  Two-Ball  Element  (Inhibitor) 
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Fig.  2 

The  Three-Ball  NOR 
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Fig.  3 

Exploded  View  of  a  Block  of  Eight  NOR  Elements 


Fig.  4 

A  Package  of  Four  NOR's  with  Signal  Manifolds 
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An  Inhibitor  Connected  as  an  Oscillator 
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Fig.  6 
Two  NOR ' s  Form  a 
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Fig.  7 

A  Punched-Tape  Reader  and  Decoder,  Schematic 


Fig.  8 

A  Punched-Tape  Reader  and  Decoder,  Photograph 
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Fig.  10 

A  Parallel  Binary  Adder,  Photograph 
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A  Parallel  Binary  Adder,  Schematic 
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A  Sequencer,  Photograph 
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ABSTRACT 


Fabrication  and  testing  techniques  used  in  the  developnn'  it  of  mult- 
stage  pressure  proportional  amplifier  pure  fluid  systeni^  are  dis¬ 
cussed  and  practical  solutions  to  some  of  the  problems  inherent  in 
the  development  of  interconnected  fluid  subsystems  are  given  where 
available.  Performance  of  individual  elements  are  discussed  as 
they  relate  to  staged  system  performance.  Staged  system  noise 
and  individual  element  noise  is  described  and  the  attempts  to  locate 
and  eliminate  the  sources  of  the  noise  are  discussed.  In  each  case 
only  those  solutions  which  have  been  demonstrated  as  possible  and 
practical  are  offered. 

A  solution  to  the  problem  of  providing  a  common  power  inlet  to  a 
multistaged  system  is  presented  and  the  effect  of  using  such  a 
common  source  is  discussed. 


The  description  and  output  characteristics  of  a  modified  passive 
difference  amplifier  are  given.  The  passive  difference  amplifier 
was  originally  designed  by  HDL  personnel  and  when  used  in  con¬ 
junction  with  a  staged  system  provides  a  single  pneumatic  signal 
approximating  the  difference  in  pneumatic  signals  appearing  at  the 
outputs  of  the  staged  system.  With  the  use  of  this  device  it  is 
possible  to  have  output  signals  which  are  compatible  with  the  control 
signal  requirements  of  the  staged  system. 
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I 


INTRODUCTION 


A)  General 

This  paper  covers  work  performed  under  contract  to  the  Harry 
Diamond  Laboratories  by  Corning  Glass  Works  and  represents 
in  some  cases  a  combination  of  effort  from  the  two  facilities. 

B)  Goals 

It  has  been  the  goal  of  Corning  Glass  Works  to  determine  the 
operational  characteristics  of  certain  fluid  amplifiers  as  fabri¬ 
cated  in  Fotoform  Glass  in  semi-production  quantities.  More 
recently  the  goal  has  been  to  interconnect  these  designs  in 
glass  to  provide  working  useful  pure  fluid  systems. 

C)  The  Pressure  Proportional  Amplifie r- The  Primary  Active 
Element 


The  pressure  proportional  amplifier  operational  characteristics 
are  of  fundamental  interest  when  considered  as  a  link  in  a 
larger  system.  For  this  reason,  considerable  discussion  will 
be  centered  around  the  basic  device  even  though  this  paper  deals 
primarily  with  a  system  containing  several  devices.  No  attempt 
is  made  herein  to  present  the  theory  of  operation  of  the  pressure 
proportional  amplifier  since  adequate  presentation  has  been 
made  by  others  and  is  available.  The  step  from  theory  to 

practice  is  often  large  and  theory  must  be  translated  into 
practice  before  a  useful  piece  of  hardware  results.  It  is  hoped 
then  that  the  data,  conclusions,  and  techniques  discussed  here¬ 
in  which  were  borne  out  of  practice  will  be  of  value  to  the  reader 
since  many  of  these  can  apply  to  other  phases  of  fluid  amplifier 
development  as  well  as  they  apply  to  the  development  of  the 
primary  active  element,  the  pressure  proportional  amplifier. 

D)  Staging 

In  order  to  achieve  reasonable  gains,  individual  low  gain  ele¬ 
ments  must  be  staged  together.  Unfortunately,  many  experi¬ 
ences  associated  with  staging  have  not  been  pleasant.  Devices 
can  be  staged  together,  though,  and  can  be  made  to  work  with 
a  considerable  degree  of  success.  Although  the  present  state 
of  the  art  is  not  as  advanced  as  we  would  like,  the  outlook  is 
far  from  discouraging.  It  appears  that  systems  need  to  be 
designed  as  systems  rather  than  automatica  lly  accepting  that 
which  comes  out  of  a  series  of  X  numbered  similar  devices  as 
being  the  best  system  performance  available.  While  this 
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concept  is  perhaps  more  difficult  and  has  not  been  fully  developed, 
it  may  be  the  shortest  path  toward  achieving  in  practice  the  in¬ 
herent  reliability  of  which  pure  fluid  systems  are  capable. 

E)  Passive  Elements 


Passive  elements  are  described  as  those  parts  of  the  system 
which  due  to  their  geometry  act  on  the  fluid  in  a  predictable 
fashion.  These  elements  are  not  supplied  with  a  source  of  power 
and  in  many  cases  their  theory  of  operation  is  straightforward. 
Such  elements  can  usually  be  fabricated  without  undue  difficulty. 
They  are  mentioned  he  re  since  they  are,  in  practice,  a  part  of 
every  fluid  system. 

')  The  Medium  Gain  Block 


Pressure  proportional  systen^s  containing  five  stages  of  ampli¬ 
fication  hj.ve  been  fabricated  as  single  systems.  The  individual 
stages  of  amplification  are  connected  together  in  the  same  plane 
and  in  the  same  piece  of  glass.  Power  is  supplied  by  a  fixed 
manifold  system  which  delivers  the  flow  for  each  stage  of 
amplification. 

THE  PRIMARY  ACTIVE  ELEMENT 


A  considerable  number  of  fluid  amplifier  elements  have  been  fabri¬ 
cated  in  Fotoform  glass  and  tested  to  determine  the  capability  of  the 
manufacturing  process  for  the  production  of  such  devices.  During  the 
early  work  at  Corning,  efforts  were  directed  towards  the  determi¬ 
nation  of  the  operational  characteristics  of  a  relatively  large  number 
of  similar  devices  at  fixed  operating  conditions.  Most  of  this  work 
utilized  the  basic  DOFL  design  which  is  shown  in  silhouette  in  Figure 
I.  This  image  was  photographically  put  into  Fotoform  glass  and  when 
developed  was  removed  by  etching  which  resulted  in  recesses  in  the 
glass  corresponding  to  the  silhouette  which  was  used  as  a  negative. 
The  entire  .mage  which  extended  through  the  glass  was  not  etched 
away  since  etching  was  continued  only  until  the  channels  reached  the 
required  depth.  A  cover,  made  by  the  same  technique  and  also 
shown  in  silhouette  in  Figure  I,  was  then  positioned  onto  the  device 
and  the  cover  and  device  were  sealed  together.  Efforts  to  correlate 
dimensional  variations  with  the  performance  of  the  devices  made 
this  way  were  only  partly  successful.  The  dimensional  variations 
were  small  and  did  not  seem  to  be  as  important  as  the  factors  of 
assembly  and  of  getting  air  into  and  out  of  the  devices.  Auxilary 
equipment  such  as  fittings  made  more  difference  in  device  per¬ 
formance  on  occasion  than  did  an  obvious  defect  caused  by  handling 
before  sealing.  While  working  with  these  devices  led  to  fairly 
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complete  knowledge  within  a  narrov^  range  of  operating  conditions,  it 
led  to  limited  knowledge  over  the  broad  range.  Recent  efforts  having 
to  do  with  interconnecting  the  devices  have  required  investigation  over 
a  much  broader  range  of  operating  conditions  and  these  later  investi¬ 
gations  have  helped  to  pin  down  the  characteristics  thought  to  be 
desirable  in  the  basic  element.  It  would  be  folly,  however,  to  discuss 
these  characteristics  as  a  unit  without  first  surveying  the  role  played 
by  each  geometrical  part  of  the  basic  device.  It  is  difficult  to  isolate 
the  function  of  each  section  of  the  device  and  oftentimes  some  basic 
error  is  developed  when  attempting  to  do  so.  For  the  sake  of  clarity, 
however,  the  basic  device  will  be  discussed  by  looking  at  the  power 
nozzle,  the  control  nozzles,  the  relief  geometry,  and  the  receiver 
separately  before  considering  them  as  an  integrated  element. 

A)  The  Power  Nozzle 

The  purpose  of  the  power  nozzle  is  to  provide  a  jet  stream 
which  can  be  deflected  and  whose  velocity  profile  at  some 
distance  downstream  is  uniform  and  symmetrical  about  the 
center  line  of  the  nozzle.  The  profile  shape  should  not  be 
altered  by  minor  changes  in  operating  conditions. 

A  wide  vari  ty  of  nozzle  designs  can  meet  the  above 
criteria  if  they  are  operated  at  very  low  pressures.  As 
velocities  are  increased  and  turbulence  increases, 
nozzles  probably  need  to  be  more  carefully  designed  and 
made  in  order  to  be  within  the  above  limits.  A  particular 
fluid  amplifier  design  was  found  to  give  some  baffling  and 
hard  to  interpret  performance  data  when  connected  with 
four  other  similar  devices  in  a  system  to  provide  5  stages 
of  amplification.  A  stepwise  testing  and  component 
elimination  procedure  led  to  the  power  nozzles  as  being 
the  primary  source  of  trouble.  Further  testing  with  the 
hot  wire  anemometer  system  resulted  in  the  graphs 
presented  as  Figures  II  through  IV  which  give  some 
indications  of  the  phenomenon  involved.  The  curves  in 
Figure  II  were  generated  by  holding  the  hot  wire  in  a 
fixed  position  downstream  and  changing  the  power  jet 
pressure.  The  probe  in  this  case  was  held  at  0.  125  inches 
downstream  which  would  normally  be  in  between  the  power 
jet  and  the  receivers  although  the  receivers  and  the  top 
and  bottom  plate  were  previously  removed  from  the  devices 
and  the  jet  issued  freely  out  into  the  room  for  the  test. 

The  changes  in  velocity,  as  seen  in  Figure  II,  were 
dependent  on  the  power  jet  pressure  and  each  curve  in 
Figure  II  could  be  retraced  again  and  again.  It  should  be 
noted  that  the  velocity  traces  determined  along  the  edge 
of  the  stream  do  cross  but  are  generally  in  phase,  so 


294 


tAMC  NOZZLE  AS  IN 
FI6URC  n  VELOCITY 
MOFILES  OETERMINEO 
AT  /v^OlOO  INCH  DOWN 
STNEAM  WITH  HOTWIHE 
ANEMOMETEN 
FfKME  THAVENSEO 


a 

5 

I 

z 

3 


3  ^ 
K  ly 

S  * 


1 

m  4 


o 

X 


0.100  INCH  0  OJOO  INCH 

DISTANCE  ACROSS  FRONT  OF  NOZZLE 


FiQ.  m 


- PROBE  TRAVERSED— ► 


SAME  NOZZLE  AS  IN 
FICUNE  II  VELOCITY 
FNOFILES  oetenmineo 
AT  OISO  INCH 
DOWN  STNEAM  WITH  HOT 
WIRE  ANEMOMETER 
FROME  TRAVERMO 


o 

tel 

»- 

4 

s 

u 


K 

i  4 
^  ♦ 


a 

i 

S 


0  KK)  INCH  0  0.100  INCH 


FIO.  3E 


DISTANCE  ACROSS  FRONT  OF  NOZZLE 
I - PROBE  TRAVERSED— ►  - 


295 


most  of  the  excursions  are^  probably  not  due  to  stream  de¬ 
flection  but  rather  to  some  action  taking  place  on  both  sides 
of  the  stream  simultaneously.  Further,  the  lower  edge 
velocity  accompanied  by  increased  center  line  velocity 
suggests  some  pinching  effect.  The  rather  wild  excursions 
along  the  right  and  left  side  of  the  stream  through  the 
pressure  range  of  about  1  psig  may  reflect  the  transition 
from  laminar  to  turbulent  flow  in  the  jet  after  it  leaves  the 
nozzle.  Other  data  obtained  with  the  probe  nearer  the  nozzle 
show  these  excursions  to  be  much  less  erratic  nearer  the 
nozzle  and  suggest  this  possible  answer.  The  data  shown  in 
Figu re  II  repre sent  a  fairly  typical  nozzle  of  this  particular 
design.  All  other  nozzles  of  the  same  design  have  shown  this 
same  tendency  when  tested.  Similar  tests  were  performed  on 
nozzles  of  this  design  which  had  been  fabricated  1/2  size  and 
the  effect  was  more  pronounced. 

Figure  III  and  IV  are  velocity  profile  curves  generated  by 
traversing  the  hot  wire  probe  across  the  stream  while  record¬ 
ing  distance  on  the  X  axis  and  the  hot  wire  signal  on  the  Y  axis. 
The  X-Y  recorder  was  used  to  directly  plot  the  data  as  it  was 
being  generated.  In  both  Figures  III  and  IV  as  was  the  case 
for  Figure  II  any  curve  could  be  retraced  again  and  again.  The 
slightly  more  erratic  nature  of  the  curves  presented  in  Figure 
IV  as  opposed  to  those  in  Figure  III  suggests  more  strongly 
that  the  phenomenon  looks  worse  further  downstream  due  to 
some  form  of  stream  disintegration.  All  the  data  indicate, 
however,  that  the  velocity  profile  is  probably  being  formed 
asymmetrically  somewhere  in  the  nozzle.  Since  the  degree  of 
asymmetry  seems  dependent  on  power  jet  pressure  it  appears 
to  be  a  result  of  some  kind  of  separation  taking  place  in  the 
nozzle  itself.  If  this  is  true,  it  would  follow  that  the  sepa¬ 
ration  point  could  shift  or  there  could  be  a  change  in  sepa¬ 
ration  bubble  size  with  changes  in  operating  pressure(velocity) 
that  could  result  in  the  kind  of  variations  which  have  been 
observed.  Usually,  a  distorted  profile  results  in  the  same 
symptoms  in  the  operating  device  as  does  unwanted  stream 
deflection. 

Similar  tests  have  been  conducted  using  many  different 
nozzle  designs  and,  in  each  case,  the  profiles  at  very  low 
stream  velocities  (less  than  100  ft/sec)  appear  to  be  sym¬ 
metrical.  At  the  higher  velocities  however,  most  of  the 
profiles  have  been  distorted.  The  most  promising  nozzle 
tested  to  date  has  still  shown  some  erratic  behavior  through 
a  small  range  of  velocities,  but  with  this  exception,  has 
shown  uniform  operation  over  a  wide  range  of  operating 
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conditions.  Curves  for  this  nozzle  are  presented  as  Figures 
V,  VI  and  VII.  This  nozzle  design  differs  from  the  other 
designs  tested  in  that  the  straight  section  is  considerably  longer 
and  a  stream  deflector  has  been  placed  just  upstream  of  the 
nozzle.  The  improved  performance  is  thought  to  be  due  to  the 
extra  length  rather  than  the  stream  deflector,  since  as  length 
is  reduced,  erratic  behavior  begins.  The  extra  length  apparently 
provides  a  sufficient  zone  for  the  disturbances  to  be  ironed  out 
before  emerging  from  the  nozzle  and  the  longer  nozzle  appears 
satisfactory  for  fluid  amplifier  use  if  the  region  of  erratic  be¬ 
havior  is  avoided.  Although  specific  test  data  have  not  been 
correlated  to  show  the  effect  of  channel  to  nozzle  area  ratio  and 
the  effect  of  stream  turning  angle  on  jet  profile,  it  appears  that 
the  better  nozzles  have  large  area  ratios  and  the  stream  is 
forced  to  turn  gradually  rather  than  abruptly.  A  limited  amount 
of  literature  is  available  which  deals  with  nozzle  design  in  this 
size  range  and  for  this  particular  application.  There  exists  a 
distinct  need  for  such  data  since  a  fluid  amplifier  is  not  a  good 
fluid  amplifier  unless  it  is  built  around  a  nozzle  with  uniform  and 
predictable  operating  characteristics.  Meanwhile,  the  designer 
must  take  every  precaution  against  inadvertently  setting  down 
geometries  which  can  be  inherently  troublesome.  Straightening 
vanes  to  insure  uniform  flow  going  into  the  necked  down  portion 
of  the  nozzle,  large  area  ratios,  and  gentle  stream  turning  may 
all  be  significant  factors  which  help  make  a  nozzle  a  good  nozzle. 
The  longer  nozzle  appears  to  be  a  temporary  stop-gap  solution  to 
the  basic  problem. 

D)  The  Control  Nozzles 


The  purpose  of  the  control  nozzlefs)  is  to  direct  the  control 
stream(s)  toward  the  power  stream  so  that  the  energies  of  the 
two  (three)  streams  can  interact  and  cause  power  stream  deflect¬ 
ion.  Although  no  reason  has  been  observed  in  practice  which 
indicates  the  need  for  uniform  symmetrical  profiles  coming  from 
the  control  streams,  there  is  the  distinct  need  for  both  controls  of 
a  single  device  to  have  the  same  pres  sure- flow  relationship. 
Considerable  attention  has  been  given  to  the  control  pressure  vs 
control  flow  relationship.  Since  this  is  discussed  in  detail  else¬ 
where  the  remarks  here  will  be  limited  to  a  few  general 

observations.  Because  of  the  geometry  relatiQnship  existing 
between  the  control  nozzle  edge  and  the  moving  wall  of  fluid, 
the  power  jet,  the  pressure- flow  relationship  must  be  considered 
with  respect  to  the  total  fluid  path.  In  practice,  it  has  been 
found  that  when  the  control  edges  are  pcsitioned  near  the  power 
stream  the  control  flow  at  a  given  control  pressure  can  be 
changed  by  either  changing  the  power  jet  pressure  or  by 
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changing  the  pressure  in  the  other  control.  The  control  edges 
should  be  positioned  so  that  the  flow  delivered  at  a  given 
pressure  will  be  the  same  every  time  and  to  do  this,  the  flow 
must  be  dependent  on  fixed  geometry  alone.  In  practice  this 
is  very  difficult  to  achieve  since  the  pressure  at  the  inside  edge 
of  the  control  nozzle  must,  under  these  conditions,  remain 
unchanged.  Most  times  the  pressure  at  this  point  has  been  found 
to  be  dependent  on  operating  conditions.  The  most  promising 
change  in  control  nozzle  geometry  to  lessen  this  effect  has  been 
to  move  the  control  edge  further  away  from  the  power  stream. 

No  significant  reduction  in  gain  occurred  by  this  move  although 
the  pressure  at  which  flow  begins  is  still  somewhat  dependent 
on  power  jet  pressure.  When  the  gain  block  is  used  in  any 
situation,  where  the  summing  junction  is  inside  the  first  stage, 
it  seems  to  be  of  utmost  importance  to  have  stream  deflection 
take  place  only  when  a  positive  gage  pressure  difference  is  applied 
to  the  controls.  To  do  this,  the  pressure  just  inside  the  control 
must,  of  necessity,  be  atmospheric,  and  any  deviation  from 
atmospheric  will  constitute  a  fixed  system  error  which  has  to  be 
taken  into  account. 

It  is  sometimes  desirable  to  insure  a  particular  relationship 
between  pressure  and  flov/  in  the  control  channel.  The  normal 
relation  is  usually  some  form  of  a  power  relationship  such  as 
Q  •rp  and  if  this  normal  relationship  is  altered,  the  relation¬ 
ship  of  input  signal  to  output  signal  for  the  device  will  likewise 
be  changed.  Unfortunately,  the  normal  dependence  of  flow  on 
pressure  results  in  a  calculated  resistance  for  the  control 
channel  (Pc)  which  can  change  by  several  hundred  percent  over 
{^) 

a  normal  operating  range.  Geometry  of  the  control  channel  can 
be  changed  to  make  the  resistance  constant  or  very  nearly  so, 
but  any  device  or  geometry  change  which  increases  resistance  in 
the  control  channel  results  in  a  loss  of  gain  in  the  device. 

Relief  Geometry 

Initial  design  ffforts  having  to  do  with  relief  geometry  were  aimed 
toward  providing  equal  pressures  on  either  side  of  the  power  jet 
stream  while  allowing  adequate  area  for  venting  that  portion  of 
power  and  control  streams  which  does  not  go  out  through  the 
receivers.  In  practice,  this  has  been  difficult  to  achieve  par¬ 
ticularly  when  the  power  jet  is  operated  at  higher  pressures.  It 
seems  that  as  power  jet  pressures  are  increased  the  interaction 
area  pressure  rises,  and  as  it  does  so  less  output  pressure 
difference  is  available  for  a  given  amount  of  stream  deflection. 


At  very  low  power  jet  op£rating  pressures,  however,  the  relief 
areas  can  be  changed  considerably  without  adverse  effects. 

Under  certain  operating  conditions,  it  has  been  possible  to 
completely  block  the  reliefs  and  maintain  high  gain.  Under  these 
conditions,  the  receivers  are  capable  of  discharging  all  the  flow 
that  enters  the  interaction  area.  The  relief  areas  apparently 
needed  on  any  particular  design  have  thus  been  found  to  be  functions 
of  operating  conditions  including  power  nozzle  pressure,  control 
nozzle  pressure  and  the  capability  of  the  receivers  to  handle  the 
flow.  The  last  factor  is  partly  dependent  on  stream  width  which 
is  also  a  function  of  power  nozzle  pressure.  Some  attempts  have 
been  made  to  utilize  the  relief /inte raction  area  geometry  to 
provide  negative  feedback  for  stream  stabilization.  This  tech¬ 
nique  has  been  found  to  be  quite  useful  but  it  has  been  found  that 
the  amount  of  feedback  obtained  depends  on  so  many  factors  that 
design  must  proceed  on  a  cut  and  try  basis.  In  fact,  the  situation 
is  so  delicate  that  it  is  fairly  easy  to  make  a  device  which  has  so 
much  feedback  in  the  interaction  area  that  the  power  jet  stream 
is  completely  stable.  Under  these  conditions,  of  course,  gain 
disappears.  Many  of  the  problems  with  the  basic  device  have  been 
found  to  be  due  to  some  apparently  minor  assembly  or  manufactur¬ 
ing  error  connected  with  relief  geometry.  These  malfunctions 
have  been  difficult  to  diagnose  and  sometimes  more  difficult  to 
eliminate.  In  the  basic  design,  ports  on  either  side  of  the  stream 
are  open  to  the  atmosphere.  The  top  ports  arc  in  the  coverplate 
and  the  bottom  ports  are  drilled  in  the  device  floor.  Precise 
location  of  the  bottom  holes  was  difficult  but  reasonable  accuracy 
seemed  to  result  in  single  devices  having  consistant  gains  one  to 
the  other.  Coverplate  registration  was  accomplished  along  the 
edge  of  the  coverplate  and  piece  and  slight  misregistrations  did 
not  appear  to  affect  gain.  When  5  devices  were  made  together  in 
a  single  piece  the  situation  was  altered.  In  five  stage  systems, 
the  location  of  the  top  and  bottom  ports  seemed  to  change  the 
system  balance  and  it  became  possible  to  observe  the  relief  hole 
registration  and  predict  with  considerable  accuracy  the  ultimate 
off-balance  direction.  Other  factors  may  well  have  influenced 
the  tendency  of  the  streams  to  center  themselves  between  the 
reliefs  since  a  coverplate  misregistration  also  resulted  in  mis¬ 
registration  of  the  coverplate  hole  to  the  power  nozzle  channel. 

More  care  in  positioning  was  of  some  benefit  but  did  not 
completely  solve  the  problem.  The  basic  principle  of  operation 
of  the  device  depends  on  the  impinging  of  one  stream  on  another 
and  this  seems  to  set  up  many  varied  and  random  vortices  and 
disturbances  which  are  difficult  to  control.  In  addition,  an 
examination  of  the  velocity  profiles  presented  earlier  shows 
rather  large  velocity  components  normal  to  the  power  stream. 

If  these  lar  velocity  components  are  altered  asymmetrically, 
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unwanted  stream  deflection  can  occur.  A  practical  solution  to 
this  general  problem  of  relief  geometry  is  to  remove  the  top 
and  bottom  plate  from  the  area  just  downstream  of  the  control 
nozzles  to  the  leading  edge  of  the  receivers.  A  device  made  this 
way  is  somewhat  more  difficult  to  manufacture  and  it  seems  that 
there  may  be  some  adverse  effects.  The  adverse  effects  seem  to 
be  more  than  offset  by  the  fact  that  the  devices  are  less  sensitive 
to  load,  are  quieter,  and  stream  deflection  seems  more  predict¬ 
able.  Although  thorough  testing  has  not  been  accomplished,  it 
appears  that  the  later  stages  are  much  less  dependent  on  operating 
pressures  than  those  with  standard  shaped  reliefs. 

Receiver  Diffusor  Geometry 

The  purpose  of  the  receiver-diffusor  is  to  capture  segments  of 
the  power  stream  and  guide  these  increments  of  energy  to  the 
point  of  use.  No  efforts  have  been  directed  toward  receiver 
design  except  to  make  some  minor  modifications  to  splitter  width 
to  compensate  for  the  2-1/2®  wall  taper  present  in  the  manu¬ 
facturing  process.  Difficulties  have  not  been  known  to  be  directly 
due  to  receiver  and  diffusor  design  but  it  is  possible  that  many 
inefficiencies  exist.  It  seems  that  receiver  diffusor  design  must 
be  a  compromise  between  losses  due  to  friction  if  the  velocities 
are  kept  high  or  losses  due  to  expansion  if  interstage  velocities 
are  allowed  to  drop.  In  practice,  pressure  taps  have  been  located 
between  the  stages  near  the  next  stage  control  nozzle  to  deter¬ 
mine  pressure  gain  for  a  device  while  under  actual  operating 
conditions.  The  presence  of  these  taps  has  not  proven  to  be 
detrimental  and  seem  to  be  absolutely  necessary  particularly 
when  working  with  new  designs. 

The  Single  Device 

The  various  parts  o^  the  basic  device  have  been  discussed  singly 
and  the  operation  of  each  part  seems  rather  straightforward. 

Upon  analysis  however,  the  basic  element  is  found  to  be  quite 
complex  in  its  operation.  The  complexity  seems  to  be  only 
partly  due  to  the  phenomena  involved,  i.  e.  stream  interaction, 
about  which  limited  information  is  available.  A  larger  and 
perhaps  more  difficult  area  of  concern  which  adds  to  the 
complexity  is  the  interdependence  of  the  various  parts  of  the 
basic  device.  These  effects  are  real  but  are  sometimes  so 
subtle  in  nature  that  they  easily  become  indistinguishable  in 
the  reams  of  data  being  collected  by  those  working  with  fluid 
amplifie  rs. 

It  has  been  found  that  to  change  the  geometrical  relationship 


between  two  parts  of  a  device  can  and  does  often  affect  the 
operation  of  the  other  parts.  For  example,  if  the  control 
edge  width  is  changed,  the  pressure  being  exerted  on  the  side 
of  the  stream  is  probably  changed,  the  momentum  relationship 
between  the  power  stream  and  control  streams  is  changed  and 
the  loading  on  the  previous  stage  is  altered.  Fortunately,  many 
of  these  effects  are  opposite  in  nature  so  that  if  a  single  pa¬ 
rameter  is  tested,  such  as  pressure  gain,  little  total  effect  is 
noted.  The  effects  are  real  however  and  could  possibly  make  the 
difference  between  a  device  operating  satisfactorily  in  a  staged 
system  or  being  a  source  of  trouble.  One  course  of  action  has 
been  to  attempt  to  decrease  this  interdependence  as  much  as 
possible  even  if  at  the  expense  of  a  slight  compromise  in  per¬ 
formance.  Too  much  cannot  be  written  or  said  of  the  need  for 
having  a  perfectly  symmetrical  device  with  respect  to  geometry 
and  performance.  It  usually  matters  little  in  a  single  device 
whether  both  sides  operate  identically  for  there  is  usually  plenty 
of  room  allowed  for  error.  When  this  small  error  is  considered 
in  light  of  total  system  performance,  however,  it  can  make  the 
difference  between  having  a  useable  or  useless  system.  Accurate 
dimensions  on  a  piece  of  paper  do  not  automatically  insure  device 
symmetry  for  these  dimensions  must  be  faithfully  transformed 
into  flow  channels  before  they  can  be  used  to  perform  some  useful 
function.  Any  device  asymmetry  constitutes  a  system  error  if 
the  device  asymmetry  causes  the  gain  to  be  different  on  one  side 
of  the  device  than  on  the  other  side.  In  addition  to  the  error 
caused  by  gain  asymmetry,  errors  are  generated  when  the  pressure 
proportional  amplifier  delivers  an  output  signal  without  the 
presence  of  a  control  signal.  These  errors  are  brought  about 
since  the  linear  portion  of  the  gain  curve  is  fixed  and  an  initial 
signal  on  the  output  automatically  limits  the  linear  range  in  one 
direction  or  the  other.  With  a  shortened  linear  range  available 
on  one  side  it  is  much  easier  to  over  drive  that  side  of  a  device 
to  the  position  on  the  curve  which  is  not  linear  and  this  results  in 
an  error  signal.  So,  even  if  the  gain  is  the  same  on  both  sides  of 
the  device  initially,  device  symmetry  plays  an  important  role  in 
total  system  performance  and  every  reasonable  effort  should  be 
expended  to  make  sure  that  the  performance  on  one  side  of  a 
device  acts  like  a  mirror  image  of  the  other  side. 

Ill  STAGING 

A)  Since  the  purpose  of  staging  is  to  ultimately  control  a  very  large 
amount  of  energy  with  a  very  small  amount  of  energy,  it  follows 
that  with  limited  gain  available  in  individual  stages,  the  stages 
must  be  coupled  together.  This  coupling  should  allow  large 
power  stream  deflections  in  each  stage.  The  deflections  need 
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to  be  larger  than  any  inherent  stream  deflection  brought  about 
by  minor  disturbances.  To  reach  this  c  ondition,  the  energy 
level  of  each  stage  must  be  higher  than  ihe  previous  stage. 

There  are  at  least  two  ways  that  this  can  be  accomplished. 

a)  A  small  device  could  drive  a  larger  device  and 
so  on  until  the  desired  gain  was  reached,  or 

4 

b)  Similar  sized  devices  could  be  operated  at 
ever  increasing  energy  levels  to  accomplish 
the  same  purpose. 

Both  methods  have  certain  advantages  to  offer  and  have  certain 
inherent  limitations.  For  instance,  if  the  device  size  is  graded 
a  rather  large  range  of  sizes  are  required  to  reach  reasonable 
gain  levels.  (The  size  factor  of  the  basic  DOFL  design  is 
approximately  2.  Ow  for  the  power  jet  width  of  each  additional 
St;  ge.  w  being  the  width  of  the  first  stage  power  jet).  If  power 
consumption  is  to  be  considered  and  this  should  limit  the  size 
of  the  largest  device,  then  the  smallest  device  would  need  be 
very  much  smaller  in  a  5  stage  system.  As  devices  are  made 
smaller,  inherent  process  variations  of  any  process  which  are 
small  within  themselves  become  large  percentage  variations. 

In  addition,  there  are  many  questions  concerning  the  effect  of 
size  scaling  which  have  yet  to  be  answered.  These  factors  have 
made  the  more  prudent  approach  that  of  keeping  device  size 
constant  and  varying  the  energy  level  of  each  stage  by  changing 
the  power  jet  pressure.  This  approach  has  been  troublesome 
but  recent  developments  have  pointed  very  clearly  to  the  reasons 
for  most  of  the  difficulties  (see  Section  II-A).  The  earliest 
attempts  to  stage  devices  together  were  somewhat  discouraging. 
Two  devices,  each  having  a  gain  of  about  5  resulted  in  a  combined 
gain  of  about  15.  This  was  repeated  with  different  devices  many 
times  over  and  the  gains  of  two  de^dces  connected  together 
rarely  equalled  the  product  of  the  gains  as  determined  separately. 
In  each  case,  however,  the  two  devicef,  were  operated  at  the 
same  power  jet  pressure  of  5  psig.  When  the  power  jet  pressure 
of  the  first  of  the  two  stages  was  lowered,  the  system  gain 
increased  and  equalled  the  product  of  the  gain  of  the  two 
measured  separately.  It  seems  that  by  operating  both  devices  at 
the  same  pressure,  the  second  device  was  being  operated  with 
too  much  control  bias  and  the  first  device  with  incorrect  load. 
Various  techniques  can  be  utilized  to  determine  whether  a 
particular  design  will  operate  properly  when  loaded  with  the 
control  nozzles  of  another.  No  details  will  be  shown  here  except 
to  say  that  only  one  flow  is  possible  through  each  output  leg 
with  any  given  design,  load,  and  power  jet  pressure.  The  same 
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IS  true  of  pressure  in  the  .output  legs.  This  pressure  and 
flow  should  be  reasonably  near  that  required  on  the  controls 
of  the  next  stage  at  the  operating  point.  If  devices  are  tested 
singly,  loading  should  be  the  same  as  will  be  present  when 
driving  another  device.  It  should  be  remembered  that  the 
control  input  pressure-flow  relationship  is  dependent  on 
conditions  inside  the  device  as  well  as  on  basic  geometry.  By 
keeping  this  fact  in  mind  it  was  possible,  by  careful  tuning,  to 
get  most  any  system  of  devices  to  operate  with  some  degree  of 
satisfaction.  Each  group  of  devices  staged  together  seemed  to 
require  a  special  set  of  power  jet  pressures  in  order  to  meet 
any  kind  of  optimum  performance  and  because  it  was  desired 
to  operate  the  bank  of  devices  with  fixed  manifold  systems,  the 
yields  were  very  low.  The  degree  of  complexity  was  made 
worse  by  the  jet  profile  distortion  effect  discussed  earlier. 

This  effect  made  system  balance  highly  dependent  on  the  mani¬ 
fold  header  pressure  and  a  slight  change  in  that  pressure  could 
drive  the  system  output  pressure  to  the  maximum  limits.  It 
also  seemed  that  a  slight  change  in  one  of  the  stage  pressures 
could  make  the  difference  between  large  fluctuations  in  the  out¬ 
put  of  the  system  or  having  relatively  quite  operation.  It  was 
possible  to  use  the  staged  systems  as  gain  blocks  and  their  use 
allowed  the  assembly  of  a  pure  fluid  scale  changer  whose  multi¬ 
plication  constant  could  be  selected  at  any  whole  number  between 
1  and  10,  Many  new  facts  continuously  develop  as  more  experi¬ 
ence  with  staging  is  gained.  A  continuous  monitor  of  the  pressures 
throughout  the  staged  systems  have  made  it  possible  to  gain  much 
useful  data  ana  experience  even  from  systems  whose  total  per¬ 
formance  has  been  much  less  than  ideal.  Working  with  staged 
systems  is  considerably  more  complex  than  working  with  indi¬ 
vidual  devices  but  oftentimes  it  is  the  only  way  to  develop  devices 
truly  capable  of  being  staged  together. 

Although  the  present  state  of  the  art  has  not  developed  to  the 
point  where  an  individual  cai  sit  down  and  design  a  pure  fluid 
system  which  will  operate  exactly  as  desired  vhen  built,  it 
appears  that  future  pure  fluid  systems  will  be  designed  as 
complete  systems  where  each  device  included  will  be  operated 
under  its  most  optimum  conditions. 

B)  System  Noise 

Noise  is  generally  defined  as  any  unwanted  signal  in  the  system 
not  introduced  through  the  controls  of  the  first  stage  which  will 
cause  stream  deflection  or  do  work  at  the  point  of  use.  Pressure 
proportional  amplifiers  of  the  basic  design  are  found  to  contain 
somewhat  more  noise  in  the  outputs  that  is  desired.  When  staged 
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together,  some  of  these  unwanted  signals  are  multiplied  as  if 
they  were  good  signals  and  this  results  in  systems  having  a 
relatively  high  noise  level.  Efforts  to  measure  noise  with  the 
hot  wire  anemometer  have  been  only  partly  successful  since 
the  hot  wire  signal  contains  many  different  velocity  components, 
some  of  which  are  capable  of  causing  stream  deflection  while 
others  are  not.  It  has  not  been  possible  to  distinguish  between 
the  two  types  cf  signals.  The  use  of  the  hot  wire  has  shown 
that  normally  the  c«Mitrol  input  signals  to  the  first  stage  are 
very  nearly  turbulence  free.  It  can  be  concluded  then  that  the 
unwanted  signals  come  from  some  point  in  the  system  down¬ 
stream  of  the  summing  junction  of  the  f'rst  stage. 

The  unwanted  signals  can  be  divided  into  two  rather  broad 
categories,  namely 

a)  Those  caused  by  stream  deflection,  and 

b)  Those  caused  by  some  form  of  turbulence. 

Those  disturbances  caused  by  stream  deflection  are  generally 
characterized  by  being  out  of  phase  while  those  caused  by 
turbulence  are  of  a  random  nature.  No  attempt  has  been  made 
to  further  describe  the  kind  of  noise  present.  It  has  been 
found  that  many  factors  influence  the  noise  level  of  a  system 
and  a  system  can  usually  be  tuned  by  adjustment  of  power  jet 
pressures  to  the  point  where  noise  is  low  enough  to  be  able  to 
use  the  system  while  still  maintaining  a  reasonable  gain  level. 

It  seems  that  noise  is  lower  when  all  stages  are  operating 
around  the  balance  point  and  noise  inc reases  as  any  stage  is 
operated  toward  off  balance.  This  seems  contrary  to  that  which 
would  be  expected  and  may  indicate  a  feedback  phenomena  which 
is  increased  and  is  of  a  cyclic  nature  when  the  stream  is  slightly 
off  center.  The  noise  level  of  a  system  can  be  changed  by 
changing  the  relief  geon  etry  but  the  results  are  not  always  in 
the  anticipated  direction.  Noise  of  the  turbulent  type  is 
probably  due  in  part  to  turbulence  in  the  power  stream  itself 
in  addition  to  that  generated  in  the  receiver-diffusor. 

THE  GAIN  BLOCK 

Staged  systems  containing  5  stages  of  amplification  have  been  success¬ 
fully  built  and  operated.  Gains  greater  than  2000  are  readily  obtainable 
and  higher  gains  are  possible  even  though  there  is  some  degree  of 
difficulty  experienced  when  attempting  to  accurately  determine  the 
higher  gains.  The  gain  blocks  have  power  fed  through  a  manifold  which 
provides  a  fixed  flow  for  each  stage  of  the  system.  Both  controls  of  the 
first  stage  are  used  since  the  interaction  area  of  the  first  stage  serves 
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as  a  summing  junction.  This  feature  is  particularly  useful  when 
the  gain  block  is  used  with  feedback  to  perform  some  logic  function. 

A  single  output  signal  is  made  possible  through  the  use  of  the  passive 
difference  amplifier  which  is  described  in  paragraph  V-C. 

No  attempt  has  been  made  to  install  trimming  valves  or  extra  nozzles 
in  the  gain  blocks  for  centering  purposes  since  their  presence  tends 
to  complicate  the  system.  Each  of  the  gain  blocks  have  slightly 
different  operating  characteristics  and  some  of  the  reasons  for  the 
differences  are  understood  while  other  of  the  reasons  are  yet  to  be 
determined.  In  this  respect,  the  gain  blocks  should  be  considered 
as  first  generation  devices  which  can  stand  considerable  improve¬ 
ment.  Figure  VIII  is  the  gain  curve  for  one  such  gain  block. 

PASSIVE  ELEMENTS 

A)  General 

The  passive  elements  act  on  the  fluid  stream  due  to  their 
geometry.  In  this  category  would  be  resistances, 
capacitances,  passive  difference  amplifiers  and  in  a 
broader  sense  hoses  and  hose  fittings.  Of  primary 
interest  here  is  the  resistor  and  the  passive  difference 
amplifie  r. 

B)  The  Pneumatic  Resistor 

One  of  the  basic  pneumatic  circuit  building  blocks  is  the 
resistor.  Of  necessity,  the  resistor  is  different  in  design 
from  either  a  nozzle  or  an  orifice  since  it  should  offer  the 
same  resistance  to  flow  even  if  the  operating  conditions 
should  change.  The  relationship  of  pressure  to  flow,  there¬ 
fore,  must  be  linear  over  the  operating  range.  In  practice, 
small  channels  sufficiently  long  to  insure  fully  developed 
laminar  flow  are  used  and  result  in  linear  resistance  over 
a  wide  range  of  operation.  With  suitable  cross  sectional 
area,  and  length,  and  the  ability  to  connect  in  series  or 
parallel,  any  desired  resistance  value  can  be  obtained  which 
is  linear  within  5%  up  to  pressures  of  5  psig.  The'^e  resistors 
can  be  used  in  conjunction  with^the  gain  block  to  make  a 
variety  of  useful  circuits  and  are  mentioned  here  only 
because  they  are  a  necessary  part  of  most  any  circuit  which 
uses  feedback. 

C)  The  Passive  Difference  Amplifier 


Due  to  the  large  differences  in  pressures  between  the  first 
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stage  and  last  stage  of  the  nornrial  pressure  proportional 
amplifier  multi-stage  system,  output  signals  are  not 
compatible  with  input  control  signals.  Where  the  control 
signal  should  operate  from  zero  pressure  upward,  the 
final  stage  output  signal  is  usually  developed  around  some 
elevated  point  (usually  about  20%  of  the  final  stage  power  jet 
pressure).  In  addition,  the  useable  output  signal  is  actually 
the  difference  in  signal  which  is  obtained  when  one  of  the 
output  pressures  is  subtracted  from  the  other  output  pressure. 
This  is  normally  an  electrical  signal  computed  by  a  difference 
transducer  and  heretofore  pure  pneumatic  signals  to  express 
this  difference  have  not  been  available.  The  passive  differ¬ 
ence  amplifier  performs  the  subtraction  and  through  its  use 
a  pure  pneumatic  signal  is  generated  which  approximates  the 
difference  in  pressure  between  the  two  output  legs  of  the  last 
stage  device.  The  basic  design  of  this  device  was  made  by 
Harry  Diamond  Laboratories  personnel  and  some  design 
improvements  have  been  made  by  us  to  adopt  the  design  to  the 
systems  in  use.  Figure  IX  shows  the  operational  characteristics 
of  a  typical  passive  difference  amplifier.  The  passive  differ¬ 
ence  amplifier  operates  by  impinging  the  two  output  flow  streams 
together  at  90°.  A  receiver  is  situated  such  that  no  pressure  is 
developed  in  the  receiver  when  the  streams  have  equal  energy 
and  full  pressure  is  developed  when  the  positive  stream  is 
maximum. 

The  Fixed  Resistor  Manifold 

The  manifold  provides  the  necessary  flow  to  operate  the  power 
jet  of  each  stage  of  a  staged  system.  The  use  of  the  manifold 
reduces  the  number  of  pressure  regulators  needed  since  with 
it  only  one  point  of  regulation  is  required.  In  practice,  the 
final  stage  power  jet  of  a  system  operates  from  the  pressure 
regulated  section  of  the  manifold  and  flow  limiting  sections 
(resistors)  are  operated  in  series  to  drop  the  header  pressure 
to  the  required  operating  level  for  each  stage.  Since  the 
pressures  decrease  in  the  system  from  the  last  to  first  stage, 
it  is  possible  to  utilize  resistors  of  nearly  the  same  size  down 
the  line.  The  resistor  size  is  calculated  on  the  basis  of 
pressure  and  flow  needed  for  each  stage  of  operation.  With 
this  technique  each  resistor  must  supply  flow  for  all  the  later 
points  of  the  manifold  while  providing  the  proper  pressure  for 
only  one  point.  More  stable  staged  system  operation  is 
possible  with  the  manifold  since  the  resistors  tend  to  even  out 
the  small  cyclic  pressure  variations  normally  present  in  most 
pressure  regulators. 


CONCLUSIONS 


Although  progress  has  not  been  as  rapid  as  would  be  desired,  past 
efforts  have  resulted  in  staged  systems  whose  performance  is 
adequate  for  the  initial  attempts  to  perform  logic  functions.  This, 
in  itself,  represents  considerable  progress  for  the  short  time 
involved.  There  will  no  doubt  be  many  improvements  in  staged 
systems  in  the  next  few  months  which  will  open  many  new  areas  of 
application.  The  new  areas  of  application  will,  in  turn,  demand 
staged  systems  to  be  designed  to  perform  specific  tasks.  It  is 
anticipated  that  problems  will  continue  to  be  present  as  they  have 
been  in  the  past.  The  solution  to  these  problems  will,  of  course, 
determine  the  ultimate  success  of  fluid  amplifiers. 
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ABSTP  ACT: 

A  presentation  is  made  of  the  data  and  general  information  obtained  during 
the  development  of  a  basic  proportional  device  for  use  in  fabrication  of  a 
multistage,  high  gain  proportional  amplifier. 

Starting  with  a  sound  basic  design  of  a  pressure  gain  device  submitted  by 
Harry  Diamond  Laboratories  personnel  in  conjunction  with  a  fabrication 
program,  a  comprehensive  study  was  undertaken  directed  toward  maxi¬ 
mizing  the  pressure  gain  while  maintaining  operating  conditions  which 
would  permit  direct  in-line  coupling  of  several  identical  devices. 

All  design  and  operational  parameters  which  were  felt  to  have  a  direct 
effect  on  pressure  gain  were  investigated,  with  primary  emphasis  on 
aspect  ratio,  control  edge  width,  size,  and  the  relationship  between  power 
jet  pressure  and  control  jet  pressure. 

The  program  was  basically  empirical  in  nature,  utilizing  the  optical  fabri¬ 
cation  techniques  developed  to  permit  fabrication  of  pure  fluid  components 
and  systems  in  Fotoform  glass  and  Fotoceram  glass  ceramics.  Data  were 
obtained  from  thermally  fuzed  units  using  air  as  the  fluid  in  the  pressure 
range  of  0  to  20  psig.  Sizes  tested  were  in  the  power  nozzle  width  range  of 
.  005"  to  .  050". 

As  previously  indicated,  the  original  design  from  Harry  Diamond  Laboratory 
was  sound,  and  only  marginal  improvements  in  pressuic  gain  were  realized 
Results  indicate  that  the  pressure  gain  is  relatively  sensitive  to  aspect  ratio 
and  control  jet  to  power  jet  ratio,  and  relatively  insensitive  to  control  edge 
width  and  size.  However,  the  smaller  the  device  the  more  sensitive  it 
becomes  to  fabricating  and  operating  variables. 
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INTRODUCTION 


Under  the  sponsorship  of  The  Harry  Diamond  Laboratories,  and  with 
considerable  technical  assistance  from  the  personnel  of  that  organi¬ 
zation,  a  program  has  been  in  effect  for  approximately  two  years, 
directed  toward  the  development  of  a  stable,  pressure  gain  pro¬ 
portional  fluid  amplifier  which  could  be  connected  in  multiples  to 
form  a  high  gain  multi-stage  amplifier,  adaptable  to  control  and 
computational  circuits.  Within  the  scope  of  this  program  it  has  been 
necessary  to  develop  fabrication  techniques  and  processes  to  a  degree 
which  would  permit  the  assembly  of  large  numbers  of  identical  devices, 
the  performance  of  which  was  closely  enough  reproducible  to  permit 
the  adequate  evaluation  of  nnarginal  changes  resulting  from  incremental 
adjustments  to  the  physical  dimensions  of  the  basic  design.  Further, 
the  original  de&ign,  as  supplied  by  HDL,  had  been  developed  and 
optimized  in  a  size  much  greater  than  was  to  be  used,  and  it  was 
felt  to  be  advisable  to  process  a  sufficient  number  of  minor  design 
changes  to  establish  what  adjustments,  if  any,  were  necessitated  by 
the  size  reduction. 

In  any  development  program,  a  great  deal  of  data  ar.j  generated  which 
are  of  value  not  only  to  the  achievement  of  the  goals  under  consider¬ 
ation,  but  which  may  also  prove  to  be  useful  in  programs  utilizing 
similar  components,  or  directed  toward  end  products  of  the  same 
general  nature.  This  particular  program  was,  of  course,  no  exception, 
and  many  things  were  learned,  in  some  cases  after  prolonged  periods 
of  frustration,  which  might  well  prove  to  be  of  general  interest.  It 
has  not  as  yet  been  established  which,  if  any,  of  the  relationships 
discussed  herein  are  directly  related  to  the  techniques  used  in  the 
fabrication  of  Fotoform  glass  and  Fotoceram  glass  ceramic  fluid 
amplifiers,  and  it  might  be  somewhat  dangerous  to  assume  that  similar 
conditions  would  exist  in  identical  devices  fabricated  in  a  substantially 
different  manner,  but  it  is  felt  that  the  majority  of  the  information  is 
related  to  the  design,  and  should  be  included.  It  has  proven  extremely 
difficult  to  adequately  present  the  results  of  over  1000  tests  performed 
on  several  hundred  devices,  within  the  scope  of  this  paper,  and  in  most 
cases  composite  curves  and  average  values  are  used,  but  every  effort 
has  been  made  to  simplify  the  data  without  affecting  their  validity. 

The  basic  dimensional  changes  discussed  are  size,  aspect  ratio,  and 
control  edge  width,  as  they  are  related  to  pressure  gain  when  operated 
under  a  fixed  set  of  conditions;  and  the  basic  operating  conditions 
examined  are  the  power  jet  pressure  level,  and  the  control  bias  pressure 
level  as  it  is  related  to  the  power  jet  pressure. 
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DISCUSSION  OF  BASIC  DESIGN 


The  original  basic  design,  as  provided  by  Ha^ry  Diamond  Laboratory 
personnel,  is  shown  in  silhouette  in  Figurel,  along  with  some  of  the 
more  important  dimensions  as  referenced  to  the  power  nozzle  width. 
All  of  the  preliminary  fabrication  and  testing  was  directed  toward 
establishing  performance  criteria  for  this  design  when  reduced  to  a 
power  nozzle  width  of  0.  020"  and  etched  to  a  depth  of  0.  060"  and  data 
were  limited  to  pressures  and  pressure  gains,  although  some  flow 
information  is  available. 


DIMENSIONS  AS  REFERENCED  TO 
POWER  JET  WIDTH. 

CONTROL  EDGE  WIDTH  :  3.0 
CONTROL  NOZZLE  WIDTH!  1.5 
RECEIVER  DISTANCE  DOWNSTREAM !  10.0 
RECEIVER  WIDTH  !  1.5 


FIG  I  SILHOUETTE  OF  ORIGINAL  PRESSURE  PROPORTIONAL 
AMPLIFIER  WITH  PERTINENT  DIMENSIONS. 


Approximately  twenty  supposedly  identical  devices  were  processed 
using  epoxy  cement  as  the  sealant,  and,  upon  establishing  nozzle 
characteristics  and  pressure  gain  values,  it  was  determined  that  the 
pressure  gain  of  the  design  was  extremely  sensitive  to  one  or  more  of 
the  variables  of  the  fabrication  and  assembly  processes.  Although  the 
flow-pressure  curves  of  the  three  nozzles  were  generally  as  con¬ 
sistent  as  would  be  expected  from  the  dimensional  values  obtained  prior 
to  sealing,  pressure  gain  vrJues  averaged  about  3.  0,  which  is  less  than 
half  of  the  theoritical  value,  and  ranged  from  i,  0  to  5.  3,  which  is  a 
range  approximately  one  order  of  magnitude  greater  than  expected. 


The  coverplates  were  removed  from. the  devices  in  order  to  permit  in¬ 
ternal  inspection,  and  upon  reassembly  and  testing  it  was  found  that  not 
only  had  the  gain  level  not  improved,  but  also  that  the  reproduceability 
of  gain  from  seal  to  seal,  using  the  same  unit,  was  so  poor  that  the  un¬ 
satisfactory  performance  could  definitely  be  attributed  to  an  assembly 
variable,  as  opposed  to  a  weakness  in  the  basic  amplifier  fabrication 
techniques. 


It  was  apparent  that  the  data  being  accumulated  were  representative  of 
the  device  being  tested,  and  not  of  the  design,  and  that  a  major  improve¬ 
ment  in  assembly  procedures  was  essential  to  adequate  analysis  of  the 
design.  Any  marginal  improvements  in  performance  which  might  be 
effected  by  stepwise  adjustment  of  dimensions  would  be  overshadowed  by 
the  variations  inherent  in  assembly.  As  previously  indicated,  a  compre¬ 
hensive  program  of  nozzle  analysis  showed  good  reproduceability  from 
unit  to  unit,  and  the  only  perfornnance  variable  which  appeared  to  corre¬ 
late  with  gain  was  the  pressure  recovery  of  the  units  when  tested  under 
equal  conditions.  Further  testing  showed  a  variation  in  power  jet 
profile  which  was  found  to  be  affected  by  the  positioning  of  the  fittings 
epoxied  to  the  glass  coverplate  perpendicular  to  the  plane  of  the  device, 
and  it  was  reasoned  that  the  air  expanding  from  the  relatively  small 
fittings  into  the  power  jet  chamber  through  a  90°  angle  to  the  nozzle 
was  in  such  a  state  of  turbulence  as  to  preclude  the  formation  of  a 
consistently  reproducible  jet.  The  unit  was  modified  to  provide  input 
and  output  flows  parallel  to  the  plane  of  the  device  as  shown  in  Figure  2, 
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FI6.  2  SILHOUETTE  OF  SIDE  ENTMV  MODIFICATION  WITH 
COMPARATIVE  CURVES. 
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and  the  improved  performance  indicated  has  been  definitely  es¬ 
tablished  by  the  results  of  testing  the  several  hundred  devices  which 
have  been  fabricated  in  this  manner. 

Further  improvements  in  assembly  have  been  realized  through  de¬ 
velopment  of  a  thermal  diffusion  seal  which  eliminates  the  tendency 
of  the  sealant,  either  epoxy  cement  or  gasket  material,  to  press 
into  the  nozzles  and  channels.  The  combination  of  parallel  inputs 
and  thermal  sealing  has  resulted  in  performance  reproducibility 
from  unit  to  unit  of  approximately  ^  5%,  and  although  this  value  still 
leaves  something  to  be  desired,  it  was  felt  to  be  adequate  to  permit 
accurate  analysis  of  the  results  of  marginal  design  changes.  It  is 
interesting  to  note  that,  even  with  performance  variations  reduced  to 
the  degree  indicated,  it  has  so  far  proven  to  be  impossible  to  corre¬ 
late  these  variations  with  any  measurable  dimensional  or  surface 
roughness  values.  This  would  tend  to  indicate  that  the  variability 
originates  in  the  relatively  inaccessible  area  of  the  nozzle,  if  it  is  a 
function  of  fabrication;  or  in  the  stability  of  the  power  stream  as  it  is 
channeled  into  the  nozzle;  if  it  is  a  function  of  design  or  assembly. 
Whatever  the  case  may  be,  experience  gained  during  the  fabrication  of 
hundreds  of  devices,  both  proportional  and  bistable,  indicates  that 
the  design  of  the  power  nozzle,  and  the  condition  of  the  stream  entering 
the  nozzle  can  be  critical,  and  if  not  properly  handled,  can  result  in 
performance  data  which  are  peculiar  to  the  device  as  assembled,  and 
are  not  representative  of  the  design  being  evaluated. 

DESIGN  MODIFICATIONS 


Toward  the  end  of  gaining  a  better  understanding  of  the  operation  of  the 
device,  a  design  parameter  study  was  undertaken  directed  toward 
optimizing  the  location  of  the  various  functional  parts,  relative  to  the 
power  nozzle.  The  design  had  been  optimized  previously  at  HDL.,  but 
in  a  much  larger  size,  and  it  was  felt  to  be  desirable  to  repeat  some  of 
the  tests  with  units  reduced  to  a  power  nozzle  width  .  020". 

Changes  were  made  in  both  directions  to  the  dimensions  shown  in  Figure 
1,  for  the  receiver  width,  receiver  distance  downstream,  control  nozzle 
width,  and  control  edge  width;  and  the  results  showed  that  photographic 
reduction  of  the  oevice  did  not  alter  the  optimum  position  of  the  component 
parts.  Although  the  pressure  gain  theoretically  should  increase  some¬ 
what  as  the  receiver  width  is  decreased,  it  was  found  that  the  gain  was 
maximum  at  the  standard  width.  Maximum  gain  was  achieved  with  the 
standard  downstream  location  of  the  receivers,  and,  as  expected,  the 
pressure  gain  increased  directly  with  increases  in  control  nozzle  width. 

In  all  of  these  cases  the  changes  were  relatively  large,  and  thi^  is  not 
to  imply  that  marginal  improvements  in  gain  could  not  result  from 
marginal  changes  in  these  dimensions,  but  it  does  show  that  a  large 
decrease  in  o-'erall  size  does  not  appreciably  alter  the  dimensional 
relationship  stablished  for  the  larger  sizes. 
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The  data  obtained  for  different  control  edge  widths,  sometimes  re¬ 
ferred  to  as  interaction  aperture  widths,  indicated  the  possibility  of 
achieving  minor  gain  improvements  by  moving  the  control  nozzles 
closer  together.  Since  the  control  input  impedance,  which  is  an 
extremely  important  performance  variable  in  staged  systems  utilizing 
feedback,  is  directly  related  to  the  control  edge  width,  it  was  decided 
to  vary  this  dimension  in  smaller  increments  so  tliat  both  data  and 
testable  devices  would  be  available.  A  series  of  units  were  fabricated 
with  control  edge  widths  ranging  from  .  020"  to  .  080",  and,  the  power 
nozzle  width  of  the  standard  device  being  .  020",  the  range  tested  when 
referenced  to  setback  was  zero  to  .  030",  and  when  refe reacted  to  the 
ratio  of  control  edge  width  to  the  power  nozzle  width,  was  1.  Ow  to 
4.  Ow.  The  program  included  edge  widths  of  1.  Ow,  1.  25w,  1.  50w, 

1.  75w,  2.  Ow,  2.  5w,  3.  Ow,  3.  5w,  am  4.  Ow,  and  eight  devices  were 
fabricated  and  tested  at  each  of  these  values  except  3.  Ow  which  is  the 
standard  unit.  Gain  values  were  determined  with  the  powei  jet  pressure 
set  at  5  psig,  the  left  control  pressure  set  at  1  5  inches  oi  water,  the 
right  control  varied,  and  the  output  loading  area  equal  to  the  receiver 
aperture  area. 


The  ba  sic  data  obtained  from  this  test  are  shown  in  Pigure  3,  from 


CONTROL  EDGE  WIDTH  /  ROWER  NOZZLE  WIDTH 


FIG  3  EFFECT  OF  CONTROL  EDGE  WIDTH  ON  PRESSURE 
GAIN  AND  NOZZLE  FLOWS. 
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FIG.  S  RELATIONSHIP  tETWEEN  PRESSURE  GAIN  AND  ASPECT  RATIO 
FOR  STANDARD  UNIT  WITH  SLUNTCO  DIVIDER 
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FIG.  4  RE'  •  lONSHIP  BETWEEN  PRESSURE  SAIN  AND  ASPECT 
R'  g  FOR  STANDARD  UNIT  WITH  SHARP  DIVIDER 
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which  it  can  be  seen  that  the  gain  seems  to  trend  slightly  upward  to 
1.  25w  and  then  fall  off  substantially  at  1.  Ow.  The  high  value  at  3.  Ow 
might  be  explained  by  the  fact  that  this  is  the  standard  dimension  and 
these  devices  were  not  fabricated  at  the  same  time  as  the  others, 
although  the  difference  of  about  0.  6  is  somewhat  higher  than  would  be 
expected.  The  reason  for  the  low  value  at  1.  75w  has  not  been  es¬ 
tablished,  but  careful  examination  of  the  artwork  and  devices  at  SOX 
magnification  did  not  reveal  any  basic  geometrical  inconsistencies 
and  it  is  felt  that  a  definite  change  in  the  relationship  of  the  power  jet 
to  the  control  edges  occurs  at  this  point.  The  upper  curves  in  Figure 
3  represent  nozzle  flows  at  the  conditions  shown,  and  as  can  be  seen, 
the  characteristics  of  the  power  nozzle  and  the  control  nozzles  are 
definitely  interdependent,  and  their  effect  upon  each  other  increases  as 
the  control  edge  width  decreases.  This  interdependence  is  to  be 
expected,  but  it  must  be  minimized  in  multi-stage  systems  operating 
from  a  common  power  supply,  or  an  externally  induced  pressure  change 
at  any  nozzle  in  the  system  could  result  in  a  pressure  change  in  all  of 
the  nozzles  of  that  system.  Other  factors  must  be  considered,  of 
course,  but  since  an  increase  in  the  control  edge  width  results  in  a 
substantial  decrease  in  nozzle  interdependence  and  only  a  slight 
decrease  in  pressure  gain,  all  other  things  being  equal,  any  device 
intended  for  operation  at  these  pressures  should  be  designed  with  a 
control  edge  width  of  at  least  4.  Ow. 

In  addition  lo  the  previously  mentioned  changes,  an  aspect  ratio  study 
was  undertaken,  partly  to  verify  the  theory  and  partly  to  determine 
the  effect  of  minor  depth  variations  on  pressure  gain.  Identical  devices 
were  etched  to  depths  ranging  from  ,020"  to  ,  100",  thereby  covering 
aspect  ratios  from  1  to  5,  and  pressure  gain  values  were  determined 
for  the  condition  of  5.  0  psig  power  jet,  15  inches  of  water  control  bias, 
and  output  load  area  equal  to  the  receiver  aperture  area.  As  can  be 
seen  in  Figure  4  the  gain  values  increased  steadily  up  to  an  aspect 
ratio  of  approximately  2,  5,  as  predicted  by  theory,  but  then,  contrary 
to  theory,  decreased  almost  as  rapdily.  It  had  been  noted  during 
fabrication  that  the  relatively  sharp  stream  divider  began  to  etch  back 
noticeably  at  aspect  ratios  higher  than  three,  and  it  was  felt  that  this 
fact  presented  a  logical  explanation  for  the  deterioration  in  performance. 
In  an  effort  to  establish  this  relationship  the  artwork  was  modified  by 
doubling  the  radius  on  the  end  of  the  stream  divider,  and  the  test  was 
repeated.  Data  from  the  second  run  are  shown  in  Figure  5,  and 
although  substantial  improvement  is  evident  at  the  higher  aspect 
ratios,  a  definite  decrease  in  gain  does  occur.  The  reason  for  this 
loss  of  gain  has  not  been  established,  but  it  is  apparent  that  with  the 
basic  design  as  shown,  the  highest  gain  values  are  obtained  at  an 
aspect  ratio  of  2.  0.  It  is  interesting  to  note  that  increasing  the  width 
of  the  stream  divider  did  not  adversely  affect  gain  at  the  maximum 
value,  and  devices  fabricated  since  that  time  have  incorporated  the 
stronger  splitter. 
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DIMENSIONAL  SCALING 


One  of  the  advantages  calimed  for  pure  fluid  systems  is  the  degree  of 
miniaturization  which  can  be  achieved,  and  one  of  the  basic  advantages 
offered  by  Fotoform  glass  to  the  field  of  pure  fluid  systems  is  the  ease 
of  changing  size  over  a  fairly  broad  range,  down  to  power  jets  as 
narrow  as  .003"  or  less.  Since  many  of  the  potential  applications  for 
these  devices  involve  low  power  levels,  and  since  it  is  almost  always 
desirable  to  minimize  power  consumption,  it  was  decided  to  run  some 
preliminary  tests  on  units  reduced  to  one-half  and  one-quarter  the  size 
of  the  standard  .020"  power  nozzle  amplifier.  The  size  reductions  were 
made  photographically  with  no  modifications  to  the  basic  artwork,  and 
the  normal  conditions  of  5  psig  power  jet  pressure,  10%  control  bias,  and 
output  loading  equal  in  area  to  the  receiver  aperture  area,  were  used  in 
testing.  In  general,  the  average  gain  values  obtained  were  the  same  over 
the  entire  size  range,  but  the  standard  deviation  from  the  mean  value  in¬ 
creased  drastically  as  the  size  decreased.  For  example,  the  gain  values 
for  the  .  020"  power  nozzle  devices  normally  fall  between  5.  7  and  6.  3, 
whereas  the  gain  for  the  0.  25  times  size  device  ranged  from  3.  6  to  7.  6 
with  values  evenly  spaced  in  between.  The  gain  values  for  the  0.  5  times 
size  device  approximated  those  for  the  standard  device  in  both  magnitude 
and  standard  deviation,  although  there  was  a  noticeable  increase  in  the 
range  of  values  obtained. 

There  are  many  possible  reasons  why  good  unit  to  unit  performance  re¬ 
producibility  might  become  increasingly  difficult  to  maintain  as  the  over¬ 
all  size  of  the  devices  are  reduced.  It  is  to  be  expected  that  miniatur¬ 
ization  would  demand  tighter  tolerances  on  those  processing  variables 
which  are  not  directly  related  to  size.  Among  these  are  the  depth,  which 
is  a  function  of  time^  the  wall  taper,  which  is  a  function  of  the  process, 
and  the  positioning  of  the  relief  holes,  which  is  a  function  of  assembly, 
and  which  becomes  increasingly  more  difficult  as  the  over-all  size  of  the 
unit  is  decreased.  One  variable  that  is  related  to  size  which  might  have 
contributed  to  the  poor  reproducibility  in  the  smallest  device  is  the  width 
of  the  stream  divider,  the  end  radius  of  which  was  reduced  to  the  degree 
that  considerable  erosion  was  noted  prior  to  sealing. 

All  of  these  variables  can  be  improved  upon,  and  it  is  not  intended  to 
imply  that  production  of  .  005"  power  nozzle  devices  is  impossible,  or 
even  difficult,  but  it  is  felt  to  be  wise  to  work  with  power  nozzles  at 
least  .  010"  in  width  until  such  time  as  all  of  the  other  problems  inherent 
to  the  particular  system  under  development  have  been  solved. 

EFFECT  OF  POWER  JET  PRESSURE  LEVEL 

The  power  gain  of  these  units  is  such  that  direct  interconnection  of  full 
size  devices  operating  from  a  common  power  supply  is  neither 
practical  nor  economical,  and  in  staging  work  some  means  must  be 
found  to  control  the  output  power  level  of  each  stage  so  that  a  reason- 
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able  relationship  between  the  power  and  control  jets  will  exist  in  the 
succeeding  stage.  There  are  several  possible  approaches  to  this 
problem,  including  bleeding  the  excess  power,  and  increasing  the  size, 
depth,  or  power  jet  pressure  from  the  input  stage  through  to  the  out¬ 
put  stage.  Blet  ^ing  power  would  not  only  be  uneconomical,  but  would 
also  require  very  closely  matched  bleed  resistances  in  the  opposite 
interconnecting  channels  of  each  stage.  Increasing  the  size  of  the 
stages  from  input  through  output  would  require  operation  of  either 
very  small  devices,  which  is  undesirable  from  a  reproducibility  stand¬ 
point,  or  very  large  devices  which  would  soon  become  excessive  in 
both  size  and  power  consumption.  Increasing  the  depth,  without  a 
corresponding  increase  in  the  overall  size,  would  result  in  a  wide  range 
of  aspect  ratios,  and  this  has  been  shown  to  be  undesirable  from  the 
standpoint  of  achieving  maximum  gain.  Increasing  the  power  jet 
pressures  in  steps  from  the  input  stage  through  to  the  output  stage 
appeared  to  be  the  logical  choice. 

All  test  data  which  were  available  for  these  pressure  gain  devices 
were  taken  during  operation  under  the  single  set  of  fixed  conditions 
previously  mentioned.  This  was  done  because  it  was  felt  to  be  unwise 
to  adjust  either  the  design  or  the  test  conditions  until  such  time  as 
satisfactory  performance  reproducibility  could  be  achieved  for  a  single 
design  run  under  fixed  conditions.  The  decision  to  develop  the  first 
generation  of  multi-stage  units  with  the  device  size  fixed  and  the  power 
jet  pressure  graded,  brought  out  the  need  lo  retest  the  devices  on  hand 
to  determine  what  effect,  if  any,  could  be  expected  from  operation  at 
pressures  other  than  the  standard  5  psig. 

A  reasonably  comprehensive  test  program  was  undertaken  in  which 
gain  curves  were  generated  at  power  jet  pressures  of  0.  5,  1.  0,  2.  5, 

5.  0,  10.  0,  and  20.  0  psig  on  units  from  the  control  edge  width  study, 
and  the  aspect  ratio  study.  Data  were  also  obtained  in  the  zero  to  10 
psig  range  on  units  from  the  dimensional  scaling  study.  It  would,  of 
course,  be  impractical  to  attempt  to  present  all  of  these  data  within 
the  scope  of  this  paper,  and  composite  curves  have  been  prepared 
which  are  felt  to  be  representative  of  the  relationship  wh?  h  exists 
between  the  power  jet  pressure  and  each  of  the  dimensior  studied. 

Figure  6  is  a  plot  of  the  pressure  gain  vs  the  power  jet  pressure  as 
obtained  from  the  control  edge  width  study.  All  tests  were  run  with 
the  output  loading  area  equal  to  the  receiver  aperture  area,  however, 
the  control  bias  pressure  which  is  normally  held  at  10%  of  the  power 
jet  pressure,  was  adjusted  over  a  limited  range  to  give  a  more 
realistic  picture  of  problems  which  might  be  expected  in  operation, 
and  the  data  shown  are  averages  of  the  gain  at  these  different  bias 
levels.  A  more  detailed  discussion  of  the  effects  of  adjusting  the 
bias  level  is  included  in  the  following  section.  As  shown,  one  curve 
presents  the  averages  for  all  of  the  different  control  widths  for  each 
of  the  pressures  tested,  and  the  other  curve  is  that  of  the  original 
design  which  has  a  control  edge  width  of  3.  0  times  the  power  nozzle 
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FIG.  G  RELATIONSHIP  BETWEEN  PRESSURE  GAIN  AND  POWER 
JET  PRESSURE  FOR  DIFFERENT  CONTROL  EDGE  WIDTH 
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width.  The  latter  curve  is  included  to  show  that  the  shape  o£  the  curves 
for  individual  values  of  control  edge  width  is  in  reasonably  good  agree¬ 
ment  with  that  of  the  average.  The  lone  exception  to  this  occurs  at  a 
control  edge  width  of  1.  0  times  the  power  nozzle  width,  in  which  case 
the  gain  at  0.  5  psig  power  jet  is  in  line  with  the  average,  but  the 
value  for  1.0  psig  is  somewhat  low,  and  as  the  pressure  increases,  the 
gain  does  not.  All  of  the  remaining  control  edge  widths  between  1.  25w 
and  4.  Ow  follow  the  shape  of  the  average  curve,  and  the  total  range  of 
values  at  5  and  10  psig  power  jet  pressure  is  relatively  small.  At  20 
psig  power  jet  the  range  of  values  increase  somewhat,  and  at  2.  5  psig 
and  below,  the  data,  although  they  follow  the  general  trend,  become 
quite  erratic. 

Figure  7  presents  the  relationships  between  pressure  gain,  power  jet 
pressure,  and  aspect  ratio.  Again,  the  values  are  averages  of  those 
obtained  at  several  different  control  bias  levels,  and  the  output  loading 
was  held  constant  at  an  area  equal  to  that  of  the  receiver  aperture  area 
of  the  standard  device,  which  has  an  aspect  ratio  of  2.  5.  This  latter 
condition  results  in  the  shallow  devices  operating  under  relatively 
light  load  conditions  and  the  deeper  devices  operating  under  relatively 
heavy  load  conditions.  The  test  was  carried  out  in  this  manner  in  an 
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FIG.  7  RELATIONSHIP  BETWEEN  PRESSURE  GAIN  AND  POWER  JET 
PRESSURE  FOR  DIFFERENT  ASPECT  RATIOS 
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effort  to  gain  some  insight  into  the  effect  of  variable  loading  on  per¬ 
formance,  because  all  of  the  stages  in  a  multi-stage  device  are  loaded 
by  the  control  noszles  of  the  succeeding  stage,  and  as  previously 
stated,  the  characteristics  of  the  control  nozzles  of  these  devices  in 
operation  are  a  function  not  only  of  the  nozzle  dimensions,  hut  also 
of  the  power  jet  pressure  level.  Since  the  operating  power  jet 
pressures  have  not  as  yet  been  established,  it  is  not  possible  to 
predict  the  loading  conditions  which  will  exist  in  multi-stage  opera¬ 
tion,  and  an  understanding  of  the  effects  of  variable  loading  is 
desirable. 

As  would  be  expected.  Figure  7  shows  the  gain  at  an  aspect  ratio  of 
1.  0  to  be  very  low.  As  the  depth  is  increased  the  gain  increases  up 
to  an  aspect  ratio  of  3.  0,  at  which  point  it  levels  off.  The  primary 
reason  for  3.  0  representing  maximum  gain,  whereas  2.  5  was  the 
peak  value  in  the  aspect  ratio  study,  is  the  difference  ir;  output 
loading.  In  this  case,  the  3.  0  sample  is  loaded  with  an  area  equal 
to  the  receiver  aperture  area  of  the  2.  5  sample,  and,  as  such, 
recovers  more  pressure  and  would  be  expected  to  show  a  higher  press¬ 
ure  gain.  In  each  instance  with  the  exception  of  the  lowest  curve,  the 
relationship  between  gain  and  power  jet  pressure  follows  the  same 
general  pattern  as  in  the  control  edge  width  study,  in  that  the  gain 
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decreases  from  0.  5  psig  to  2.  5  psig,  increases  to  10  psig,  and  then 
tends  to  level  off.  Only  the  curve  for  an  aspect  ratio  of  2.  5,  which 
is  the  same  device  represented  by  the  curve  for  a  control  edge  width  of 
3.  Ow  in  Figure  6,  continues  to  increase  at  20  psig.  Although  it  is  not 
shown  in  the  curves  presented,  it  is  worth  noting  that  the  outputs  of 
the  3.  0  and  4.  0  aspect  ratio  devices  operating  at  20  psig  are  quite 
noisy,  and  this  turbulence  might  explain  the  deterioration  in  gain  at 
those  points. 

Figure  8  is  a  plot  of  the  relationship  between  power  jet  pressure  and 
pressure  gain  for  the  size  range  from  .005"  power  nozzle  widtli  to  .  050" 
power  nozzle  width.  All  of  these  units  were  etched  to  an  aspect  ratio  of 
2.  5,  and  the  tests  were  run  with  a  control  bias  pressure  of  10%  of  the 
power  jet  pressure,  and  output  loading  equal  in  area  to  the  area  of  the 
receiver  apertures  of  the  device  being  tested.  At  these  low  pressures 
there  is  an  increase  in  gain  as  the  size  decreases,  but,  as  previously 
stated,  the  standard  deviation  from  the  average  value  also  increases 
significantly  as  size  decreases.  Data  recently  obtained  show  the  gain 
for  the  0.  5  times  size  device  to  increase  slightly  at  a  power  jet 
pressure  of  10  psig,  and  then  drop  off  to  4.  7  at  a  power  jet  pressure  of 
20  psig. 

Within  the  scope  of  these  tests  it  would  seem  that  operation  at  any 
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power  jet  pressure  from.0  5  psig  to  20  psi^  would  be  i  afe,  and  that 
gain  and  stability  would  not  be  overly  sensitive  to  variations  in 
power  nozzle  width,  depth,  or  control  edge  width.  However,  some  noise 
is  evident  in  many  of  the  20  psig  curves. 

EFFECT  OF  CONTROL  BIAS  LEVEL 

In  any  directly  interconnected  multiple  of  these  devices  operating 
each  at  a  differoit  power  jet  pressure  level  it  is  impossible  to 
maintain  a  control  bias  level  at  any  predetermined  point,  and  although 
data  obtained  at  a  fixed  bias  value  such  as  10%  are  invaluable  in 
developing  reproducible  fabrication  techniques,  and  in  establishing 
optimum  dimensions  for  specific  conditions;  before  any  serious 
staging  work  can  be  undertaken  it  is  essential  that  the  effect  of  a 
variable  bias  level  on  gain  and  stability  be  understood. 

In  this  case,  as  in  that  of  the  previous  section,  a  large  amount  of 
data  have  been  accumulated,  and  it  would  be  impractical  to  try  to 
include  all  of  the  pertinent  curves  within  the  scope  of  this  paper. 
However,  there  are  some  specific  relationships  worth  noting,  and 
while  discussing  these,  every  effort  will  be  made  to  cover  the  general 
picture  as  thoroughly  as  possible. 

The  data  included  in  this  section  are  taken  from  the  same  sets  of 
curves  discussed  in  the  previous  section,  and  all  test  conditions  for 
the  control  edge  width  study,  the  aspect  ratio  study,  the  size  study, 
and  the  standard  device,  are  as  described  therein. 

Initial  testing  of  the  "standard"  device  under  "standard"  conditions 
indicated  that  the  pressure  gain  was  not  altered  appreciably  by 
moderate  changes  in  power  jet  pressure  or  control  bias  level. 

Figure  9  represents  fixed  standard  conditions  with  the  exception  of 
control  bias  level  which  is  varied  over  a  substantial  range,  and,  as 
can  be  seen,  the  gain  is  surprisingly  steady.  In  addition,  the  device 
was  stable  and  the  gain  linear  throughout  this  entire  range.  A 
duplicate  set  of  curves  were  run  at  12  psig  power  jet  pressure,  and 
the  curve  was  almost  identical  to  that  for  5  psig  power  jet  with  the 
single  exception  that  all  gain  values  were  higher,  the  maximum  gain 
being  7.  3  instead  of  5.  8.  In  this  case  also,  all  of  the  gain  curves 
were  linear  and  no  instability  was  noted.  A  further  increase  in  power 
jet  pressure  to  20  psig  resulted  in  a  curve  almost  identical  to  that  for 
12  psig  at  2%  and  30%  bias  level,  but  substantially  higher  in  the  12% 
to  16% range  where  the  gain  increased  to  9.  0.  The  higher  gain  is, 
of  course,  desirable,  but  the  rate  of  change  was  disturbing  in  that 
small  changes  in  bias  level  resulted  in  relatively  large  changes  in 
gain.  Once  again,  all  curves  were  linear  and  no  instability  was 
detected. 
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No  tests  were  run  at  pressures  above  20  psig,  but  it  was  decided  to 
develop  these  relationships  at  the  very  low  pressures  which  would 
exist  in  the  input  stages  of  a  multi-stage  device.  With  the  power  jet 
pressure  set  at  0.  1  psig,  gain  curves  were  run  from  10%  control 
bias  pressure  up  to  30%  and  the  resultant  curve  was  almost  exactly 
identical  to  that  section  of  the  12  psig  curve.  Because  of  the 
extremely  low  pressures  involved  below  10%  (<.01  psig),  no  curves 
were  run  and  it  has  not  been  established  that  the  gain  would  follow 
the  normal  trend  and  decrease  at  lower  bias  levels.  This  test  was 
repeated  at  0.  5  psig  power  jet  pressure,  and  although  the  resultant 
gain  vs  bias  level  curve  was  similar  in  shape  to  the  others,  the  peak 
value  occurred  at  22%  bias  level  instead  of  12%,  and  in  the  relatively 
narrow  range  of  bias  levels  from  24%  to  30%  the  gain  dropped  from  7,  0 
to  4.  3. 

The  final  set  of  values  were  obtained  at  a  power  jet  pressure  of  1.  0 
psig,  and,  as  shown  in  Figure  10,  by  the  curve  representing  the 
standard  proportional  unit,  the  relationship  was  generally  similar 
to  that  for  the  05.  psig  curve.  Maximum  gain  was  once  again  approxi¬ 
mately  7  and  it  occurred  at  22%  bias  level,  above  which  it  dropped  to 
4.  3  at  25%.  these  pressures  a  3%  change  amounts  to  soinething 
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less  than  an  inch  of  water  pressure  change,  and  this  is  certainly  an 
undesirable  condition,  in  that  a  relatively  small  change  in  the  power 
jet  pressure  of  a  stage  preceding  one  operating  in  this  manner  could 
result  in  a  40%  decrease  in  the  gain  of  the  entire  staged  system. 


In  an  effort  to  eliminate  ,  or  at  least  minimize  this  gain  sensitivity 
to  minor  bias  level  changes  it  was  reasoned  that,  since  the 
characteristics  of  both  the  power  and  control  jets  could  be  altered  by 
changing  their  physical  relationship  (control  edge  width),  similar 
data  should  be  generated  using  the  devices  from  the  control  edge  width 
study.  The  curve  representing  a  control  edge  width  of  1.  5w  in  Figure 
10  is  very  encouraging  in  that  this  change  in  control  edge  width  from 
3.  Ow  to  1.  5w  not  only  virtually  eliminated  the  extreme  sensitivity  of 
gain  to  bias  level,  but  did  so  without  decreasing  the  gain  at  any  point. 
In  fact,  the  gain  is  substantially  higher  at  every  point  except  the  peak 
of  the  curve.  Similar  data  were  obtained  for  all  available  control 
edge  widths  at  a  power  jet  pressure  of  0.  5  psig,  and  it  was  discovered 
that  the  devices  with  a  control  edge  width  of  2.  Ow  were  just  as  effect¬ 
ive  in  eliminating  the  large  gain  fluctuations  at  that  pressure  as  were 
the  1.  5w  control  edge  width  devices  at  1.  0  psig.  There  was  a  minor 
decrease  in  gain  at  the  maximum  value,  from  7.  0  to  6.  8  but  this  is 
insignificant  when  compared  to  the  fact  that  the  high  end  of  the  curve 
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was  brought  up  from  4.  3  to  6.  5  at  the  30%  bias  level.  Similar  results 
were  achieved  at  20  psig  power  jet  pressure  using  the  2.  Ow  control 
edge  width  devices  in  that  the  total  gain  difference  across  the  entire 
30%  range  was  reduced  from  3,  4  to  1.  6,  and  the  reduction  of  the 
maximum  gain  value  from  9.  0  to  8.  5  was  again  insignificant.  Checking 
further  it  was  discovered  that  the  range  of  gain  across  the  30%  bias 
range  could  be  improved  at  every  pressure  run,  including  5  psig.  In 
this  case  the  gain  ranged  from  4.  5  at  30%  bias  level  to  5.  8  at  14% 
bias  level  when  checked  with  3.  Ow  control  edge  width  devices,  and 
when  2.  Ow  control  edge  width  devices  were  substituted,  the  minimum 
was  5.  3  at  1%  and  the  maximum  was  5.  8  at  20%.  Speaking  specifically 
in  terms  of  gain  stability  as  a  function  of  control  bias  level  it  would 
’certainly  be  advisable  to  fabricate  these  devices  with  a  control  edge 
width  of  2.  0  times  tht?  power  nozzle  width. 

Control  bias  pressure  level  data  were  generated  for  the  aspect  ratio 
devices  also,  but  no  valuable  conclusions  could  be  reached.  The  range 
of  gain  values  for  each  power  jet  pressure  increased  in  almost  direct 
proportion  to  the  average  gain  value,  but  it  appears  that  the  aspect 
ratio  of  2.  5  which  is  currently  considered  to  be  "standard",  is  as  good 
as,  or  perhaps  better  than,  any  of  the  others  tested. 

A  set  of  curves  were  run  comparing  the  "standard  devices"  with  1/2 
size  devices  of  the  same  control  edge  width  and  aspect  ratio,  and  in 
most  cases  the  smaller  units  were  more  sensitive  to  changes  in  bias 
level.  However,  at  2.  5  psig  power  jet  pressure  they  were  comparable, 
and  at  1.  0  psig  the  small  unit  was  somewhat  superior,  and  very  stable 
up  to  a  bias  level  of  20%. 

The  smaller  device  proved  to  be  unsatisfactory  at  20  psig  power  jet 
pressure  in  that  it  was  completely  unstable  at  the  lower  and  higher 
bias  levels,  and  most  certainly  should  not  be  operated  at  that  pressure 
until  it  has  been  n>ore  thoroughly  investigated.  At  the  lower  pressures 
there  is  no  reason  to  believe  that  minor  changes  in  control  edge  width 
would  not  result  in  a  perfectly  satisfactory  device. 

ZERO  BALANCE 

Although  this  entire  program  was  originally  intended  to  be  a  study  of 
the  effects  of  the  pressure  relationships  between  the  power  jet  and  the 
control  jets,  as  these  relationships  influence  the  pressure  gain, 
further  analysis  of  the  curves  has  resulted  in  the  collection  of  a  sub¬ 
stantial  amount  of  data  relative  to  zero  balance,  which  may  prove  to  be 
of  more  value  than  the  gain  data.  Zero  balance,  which  is  herein 
defined  as  the  pressure  difference  across  the  outputs  of  a  device  when 
the  controls  are  in  perfect  balance,  is  obviously  an  extremely  vital 
factor  when  direct  in-line  coupling  of  a  multi-stage  system  is 
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attempted.  If  any  one  stage  is  far  enough  out  of  balance,  it  will 
drive  the  succeeding  stage  out  of  the  linear  gain  range  into  a 
condition  of  negative  gain,  in  which  case  the  multi-stage  system 
will  not  function. 

Figure  11  was  prepared  from  data  taken  from  the  curves  used  in  the 
previous  sections,  and  as  such,  the  operating  conditions  are  the  same, 
and  need  not  be  outlined  again.  As  previously  stated,  the  zero  balance 
plotted  on  the  Y  axis  is  the  pressure  difference  in  psig  which  exists 
across  the  output  channels  of  a  device  when  the  controls  are  in  per¬ 
fect  balance,  and  it  can  be  seen  that,  in  addition  to  being  a  function 
of  the  power  jet  pressure,  as  would  be  expected,  it  is  also  to  some 
degree  a  function  of  the  control  edge  width.  Considerable  work  has 
been  done  outside  of  the  scope  of  this  program,  which  has  shown  zero 
balance  to  be  primarily  dependent  on  power  nozzle  design,  and  it  is 
not  intended  to  imply  that,  without  regard  to  design  or  fabrication 
techniques  employed,  the  devices  can  be  balanced  by  adjusting  the 
control  edge  width.  However,  it  does  appear  that  the  degree  of  un¬ 
balance  can  be  minimized  by  choosing  the  proper  control  nozzle  set¬ 
back,  and,  since  it  is  unlikely  that  perfect  symmetry  will  be  achieved 
in  practice,  it  would  seem  reasonable  to  design  toward  minimizing 
this  variable,  assuming  that  the  change  in  control  edge  width  does  not 
adversely  effect  any  of  the  other  performance  variables.  Further  data 
which  have  been  taken  since  this  graph  was  prepared  indicate  that  the 
increase  in  offset  above  a  control  edge  width  of  2.  5w  may  be  some¬ 
what  exaggerated,  but  there  does  appear  to  be  an  increase  in  the  un¬ 
balance  at  widths  below  2.  Ow  and  above  2.  5w. 

As  shown,  all  of  the  unbalance  occurred  in  one  direction  except  for 
the  higher  pressures  at  a  control  edge  width  of  4.  Ow.  Thus,  in  a 
directly  coupled,  in-line  system  wherein  the  right  output  of  each 
device  is  coupled  directly  to  the  right  control  of  each  succeeding 
device  there  is  a  tendency  for  the  unbalance  to  compensate  down 
through  the  system,  and  assuming  that  none  of  the  stages  are 
excessively  out  of  balance,  the  entire  circuit  will  function  in  the 
narrow  range  of  high  gain  without  the  need  for  carefully  adjusting 
power  jet  pressures,  or  compensating  with  intra- stage  negative 
feedback. 

An  analysis  of  the  curves  used  in  the  aspect  ratio  study  showed  the 
amount  of  unbalance  to  increase  with  both  increases  in  power  jet 
pressure  and  increases  in  aspect  ratio,  whereas  the  control  bias 
level  proved  to  be  relatively  unimportant.  In  effect,  all  other 
things  being  equal,  the  unbalance  is  not  affected  by  aspect  ratio  as 
such,  and  the  increase  noted  was  a  function  of  the  level  of  pressure 
recovered  in  the  outputs.  Under  the  condition  of  fixed  output  load 
resistances  used  in  this  test,  the  pressure  recovered  increased 
directly  with  power  nozzle  area,  at  constant  power  jet  pressure, 
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FIG.  II  RELATIONSHIP  BETWEEN  ZERO  BALANCE  AND 
CONTROL  EDGE  WIDTH  FOR  DIFFERENT  POWER 
JET  PRESSURES 
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and  with  power  jet  pressure,  at  constant  power  nozzle  area,  and  the 
unbalance  was  approximately  25%  of  the  pressure  recovered  in  every 
case  except  that  of  an  aspect  ratio  of  3.  0,  where  20%  would  be  a  more 
accurate  figure.  These  data  indicate  that  there  is  nothing  to  gain  in 
the  area  of  zero  balance  which  would  justify  operating  at  an  aspect 
ratio  which  would  result  in  a  sacrifice  of  pressure  gain. 

The  gain  curves  generated  for  the  one-half  size  devices  showed 
them  to  be  substantially  better  balanced  in  every  case,  than  were 
the  standard  size  devices.  These  smaller  devices  were  loaded  with 
resistances  equal  in  area  to  the  receiver  apertures,  and  the 
pressure  receovered  was  effectively  as  high  as  that  for  the  large 
devices,  so  this  is  not  a  case  of  the  offset  being  a  percentage  of 
the  receovery  pressure  as  it  was  in  the  aspect  ratio  study,  but  rather, 
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there  seems  to  be  a  definite  improvement  in  zero  balance  in  this 
smaller  size.  Unfortunately,  these  devices  are  unpredictable,  and 
this,  combined  with  the  fact  that  they  do  not  function  properly  at  the 
higher  power  jet  pressures  is  sufficient  to  limit  their  use  until  such 
time  as  techniques  are  developed  which  will  result  in  consistant 
reproducibility. 

Throughout  this  particular  test  only  the  relatively  slow  response 
X-Y  recorders  were  used,  and  no  analysis  of  noise  was  attempted. 
However,  the  devices  with  a  control  edge  width  of  1.  Ow,  and  an 
aspect  ratio  of  1.0,  and  the  1/2  times  size  units  tended  to  be  non¬ 
linear  at  high  power  jet  pressures,  the  3.  5w  and  4.  Ow  control  edge 
width  units  were  somewhat  unstable  at  lower  powe  r  jet  pressures, 
and  these  two  designs,  plus  the  aspect  ratio  units  of  3.  0  and  above, 
were  noisy  at  high  power  jet  pressu/es. 

CONCLUSIONS 


In  summary,  the  results  of  this  program  can  probably  best  be 
expressed  in  outline  form,  and  the  following  conclusions  appear  to 
be  true  in  so  far  as  Fotoform  and  Fotoceram  glass  ceramic  fluid 
amplifiers  of  the  particular  design  discussed,  are  concerned. 

I,  Assembly 


The  performance  of  these  devices  is  extremely  sensitive  to  certain 
assembly  variations,  particularly  the  technique  used  to  introduce 
the  power  stream. 

II  Fixed  Test  Conditions  vs  Variations  in  Dimensions 


A)  Control  eoge  width  changes  do  not  have  an  appreciable 
effect  on  pressure  gain  if  held  between  1.  25w  and  4.  Ow, 
but  to  minimize  the  interdependence  of  the  jets,  should 
be  held  at  the  higher  value. 

B)  Aspect  ratio  has  a  distinct  effect  on  gain,  with  the 
maximum  value  occurring  at  approxima  tely  2.  0  . 

C)  Size  should  be  niaintained  at  a  .  010"  minimum  power 
nozz'e  width  because  of  poor  unit  to  unit  reproducibility 
in  fhe  very  small  devices, 

III  Variations  in  Power  Jet  Pressure  vs  Variations  in  Dimensions 
A) 
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Control  edge  width  exerts  little  influence  on  gain  with 
power  jet  pressures  up  to  20  psig,  but  should  be  held 
between  2,  Ow  and  3,  Ow  to  minimize  variations. 


B)  Aspect  ratio  as  related  to  pressure  gain  is  relatively 
insensitive  lo  power  jet  pressure  changes  in  this  range. 

C)  Size  should  be  maintained  at  a  .  020"  minimum  power 
nozzle  width  because  the  smaller  devices  do  not  function 
properly  at  20  psig  power  jet  pressure. 

IV  Variations  in  Control  Bias  Pressure  Level  vs  Power  Jet  Pressure 
vs  Dimensions 


A)  Control  edge  width  exerts  an  influence  in  gain  constancy 
as  the  bias  level  is  changed,  for  any  given  power  jet 
pressure,  and  should  be  held  at  2.  Ow. 

B)  Aspect  ratio  changes  do  not  liave  an  appreciable  effect  on 
the  relationship  between  bias  pressure  and  power  jet 
pressure. 

C)  Size  data  for  the  particular  control  edge  width  tested  at 
.010"  power  jet  width  were  comparable  to  those  for 

the  .  020"  power  nozzle  except  that,  at  20  psig  power  jet 
pressure  the  device  did  not  function  properly. 

V  Zero  Balance 

Zero  balance  is  primarily  a  function  of  power  nozzle  design,  but 
it  does  appear  to  be  influenced  somewhat  by  control  edge  width, 
which  should  be  held  between  2.  Ow  and  2.  5w. 
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ABSTRACT 


A  study  is  made  of  the  use  of  passive  and  active  fluid  con- 
ponents  without  mechanical  moving  oarts  to  perform  analog  compu¬ 
tations,  The  active  fluid  component  is  the  orooortional  fluid 
amplifier  with  feedback.  Multiplication  by  a  constant  greater 
than  unity  and  integration  are  demonstrated.  The  errors  in  com¬ 
putation  are  considered  with  a  view  toward  designing  better  com¬ 
ponents. 


1  INTRODUCTION 


The  theory  and  practice  of  analog  conoutation  are  well  de¬ 
veloped,  When  passive  and  active  components  are  olaced  in  conou- 
tational  circuits,  a  wide  variety  of  mathematical  operations  and 
automatic:  control  functions  can  be  performed. 

Active  fluid  devices  with  no  moving  mechanical  parts  are  now 
being  studied.  The  oresently  available  devices  have  low- frequency 
(b*ilow  1000  cps)  characteristics  that  arc  analogous  to  some  of  the 
well  develooed  electrical  and  mechanical  circuit  connonents. 
Theoretically,  then,  it  is  oossible  to  perform  analog  commutations 
using  these  devices  in  conjunction  with  existing  massive  fluid  com- 
oonents. 

The  ourposes  of  this  reoort  are  as  follows: 

(1)  To  demonstrate  that  fluid  comoutation  with 
these  comoonents  is  oossible. 

(2)  To  show  that  for  low-frequency  or  slowly 
changing  input  signals  the  comoutation 
follows  the  basic  laws  of  lamoed  oarameter 
circuit  theory. 

(3)  To  determine  what  efforts  are  necessary  in 
the  future  design  and  fabrication  of  fluid 
components  to  obtain  more  accurate  and 
versatile  analog  computation. 

(4)  Review  the  functioning  of  analogous  com- 
oonents. 
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2  BASIC  PASSIVE  COMPOIIEMTS 


2,1  Resistance 


Linear  fluid  resistive  components  can  be  obtained  with 
capillary  tubing.  The  fluid  resistance  is  defined  as  the  ratio  of 
pressure  drop,  Ap,  across  the  component  to  the  volumetric  flow  rate 
Q  through  the  component,  ’fhen  the  flow  is  laminar,  the  resistor  is 
linear  and  the  magnitude  can  be  calculated  from  the  Hagen-Poiseuille 
law  as 

R  =  “TT  =  — (1) 

Q  IT  N 

where 

R  =  fluid  resistance,  Ibf-sec/in^ 

W  =  viscosity  of  the  fluid,  Ibf-sec/in^ 

I  =  length  of  capillary  tube,  in. 

H  =  number  of  caoillary  tubes 

D  =  internal  diameter  of  a  capillary  tube,  in. 

Since  a  small  error  in  the  measurement  of  the  internal  diameter 
of  the  caoillaim/  tubes  results  in  a  large  error  in  calculated  resis¬ 
tance,  the  values  of  resistance  are  measured  directly.  This  is 
accomplished  with  a  flowmeter,  accurate  to  2  percent  of  rate,  and  a 
manometer,  Tyoical  data  for  a  resistor  are  shown  in  figure  1  in  which 
the  oressure  drop  across  the  resistor  is  plotted  against  volume  flow 
rate.  The  best  line  through  the  data  is  calculated  bv  the  method  of 
least  squares.  The  slope  of  this  line  is  the  resistance.  This  value 
resistance  is  believed  to  be  accurate  to  within  2  percent  of  the 
true  value  over  the  range  of  pressures  used. 

2,2  Capacitance 


One  type  of  capacitive  component  can  be  obtained  with  a  chamber 
or  tank.  The  fluid  capacitance  of  this  component  is  defined  as  the 
ratio  of  the  volumetric  flow  difference  to  the  rate  of  change  of  tank 
pressure,  V/hen  the  pressure  changes  are  relatively  slow,  isothermal 
conditions  exist  and  the  magnitude  of  the  fluid  capacitance  can  be 
calculated  using  the  conservation  of  mass  equation.  This  results  in 


(2) 
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9lbf  -  sec/in* 


Figur*  1  Typical  Capillary  Tubing  Rasistanca  Data 


where 


C  =  caoacitance,  in^/lbf 
V  s  volume  of  tank  or  chamber,  in^ 
fj  -  oressure  in  the  tank,  osia 
Qi  s  volametric  flow  rate  into  tank,  in^/sec 
Qq  =  volumetric  flow  rate  out  of  tank,  in 3/sec 
s  s  differential  oparator,  4/Jt 

Since  the  absolute  value  of  pressure  in  the  tank  is  always  very 
close  to  atmospheric  pressure,  the  capacitance  was  calculated  from 
equation  (f)  using  atmosnheric  pressure.  This  calculated  value  was 
checked  experimentally  by  connecting  a  known  fluid  resistance  to  the 
tank  and  applying  a  step  input  to  the  combination.  The  exoerimental 
and  calculated  values  agreed  within  5  percent. 

At  the  present  time  there  is  no  known  point-to-point  fluid  ca¬ 
pacitance  that  does  not  utilize  moving  parts.  This  fact  considerably 
reduces  the  number  of  circuits  available  for  pure  fluid  computational 
purposes.  This  lakk  of  a  point-to-^oint  capacitor  led  to  the  use  of 
the  'bootstrap"  integrator  discussed  in  detail  in  section  4. 

2.3  Inductance 


Fluid  inductance  is  defined  as  the  ratio  of  pressure  drop  to 
the  time  rate  of  change  of  volumetric  flow  rate.  If  L  is  the  in¬ 
ductance,  then 


(3) 


where,  once  again,  s  =  d/dt. 

In  terras  of  a  length  of  tubing  I  with  inside  cross-sectional 
area  A,  the  inductance  may  be  derived  from  Newton's  second  law.  The 
sum  of  the  forces  is  AAp  and  the  mass  times  acceleration  is 
pAldV/dt  so  that 


or,  since  V  s  Q/A, 


ejt  ciQ 
A  <Jt 
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The  area  of  the  tubing  is  A  =  'rfD^/4  so  that  after  rearranging, 
th«  inductance  is 


-iii.  Uf 

dQ  'TfD^ 
dt 


(4) 


No  inductive  comoonents  were  used  in  these  exnerinents  because 
of  the  low  frequency  limitations  itnoosed  by  the  active  corr.oonents. 
At  these  low  frequencies  the  inductive  reactance  of  most  nracticnl 
size  components  is  very  small. 


ACTIVE  COMPONENTS 


3,1  The  Proportional  Fluid  Amplifier 

The  active  fluid  component  used  for  computation  is  the  orooor- 
tional  fluid  amplifier  Cref  1).  A  typical  amplifier  is  shown  in 
figure  2. 

This  amplifier  operates  predominantly  on  the  exchange  of  momentum 
flux  between  the  power  jet  and  the  control  jets,  When  the  control 
oressures  are  equal,  the  sower  jet  divides  equally  between  the  two  out¬ 
put  collectors  (^ig.  3a).  As  one  control  oressure  is  changed,  the  power 
jet  is  redirected  and  one  output  pressure  increases  while  the  other  de¬ 
creases.  At  a  constant  power  jet  pressure,  the  functional  dependence  of 
the  difference  in  pressures  at  the  output  on  the  control  pressures  may 
be  written  as 


(5) 


where 


PqI  »  total  oressure  at  left  output 

Pq.,  =  total  oressure  at  right  output 

he  I  ■  total  oressure  at  left  control 

Per  =  total  pressure  at  right  control 

The  variational  components  obtained  from  equation 


(5) 


are 


Figurt  3 


I 


(a) 


(b) 


Typical  Output-Control  Charactariatica  of  a  Proportional 
Fluid  Amplifiar 
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If  the  amplifier  is  symmetrical,  the  left  control  preesure 
and  the  right  control  pressure  are  equally  effective  in  deflect¬ 
ing  the  oower  jet.  In  this  case 


=  conit 


^  =  cx>*y^t 

‘cr 


The  negative  sign  aopears  on  the  right  side  of  the  equation 
because  an  increase  in  the  left  control  pressure  raises  the  ri^ht 
output  pressure  and  lowers  the  left  outnut  pressure.  Eauations 
(6)  and  (7)  can  be  combined  to  give  an  exoression  for  the  oressure 
gain  of  the  proportional  fluid  amnlifier 


where  3^  ~  pressure  gain 

Pc  =  oressure  at  one  control  when  the  other  control  oressure 
is  fixed 

The  pressure  gain  is  indicated  in  Figure  3b. 

Ordinarily  prooortional  fluid  amplifiers  are  designed  to  be 
symmetrical;  however,  at  present ,''f«biplcating  techninues  are  not 
sufficiently  advanced  to  insure  sym’netry  in  high-rain  amplifiers. 

'Yhen  amplifiers  are  not  syrmotrical,  the  equality  given  by  equation 
(7)  does  not  hold.  The  controls  are  not  equally  effective  in  deflect 
ing  the  oower  jet.  Then,  a  right-side  oresiure  gain  3^^  and  a 
left -side  pressure  gain  may  be  defined  bs 


G  = 

r*' 


con»i 


(9) 


343 


Substitution  of  equation  (9)  into  equation  (6)  p:ives 


(10) 


Other  characteristics  of  oronortional  fluid  amplifiers  are 
that  the  forward  gain  can  be  either  oositive  or  negative  and  that 
the  output  and  input  impedances  are  both  low.  In  addition,  the 
output  signal  of  the  amplifier  is  a  difference  signal.  Although 
this  output  difference  may  be  zero,  the  pressure  at  either  outout 
is  above  ambient.  Since  the  output  operates  about  a  higher 
reference  level  than  the  inout,  feedback  from  the  cutouts  to  the 
controls  will  carry  flow  even  when  the  cutouts  a^'e  balanced. 

3.2  Proportional  Amplifier  with  Feedback 

The  unsymmetrical  properties  of  the  fluid  amolifier  adversely 
affect  its  use  in  computational  circuits.  This  can  be  seen  bv 
examination  of  the  lumped  oaraneter  system  equations  for  a  fluid 
amplifier  with  oositive  and  negative  feedback. 

The  circuit  is  shown  in  figure  4,  Prom  the  continuity  equation 
the  two  loop  equations  are 


Z, 


(11a) 


and 


(lib) 


or  by  rearranging 


=  P  V  -L 

z,  2,  z, 

1-1 


(12a) 
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Figurt  4  Proportional  Fluid  AaM^lifitr  With  Foodback 


(12b) 


fit 

2. 


Subtracting  (12b)  from  (12a)  gives 


z,  '"r  \JL  Z. 

I  i  l«l  * 


(13) 


Reolacing  p^r  with  the  'jain  expression,  equation  (10),  for 
the  unsynmotrical  amplifier  and  considering  only  the  linear  opera¬ 
ting  range  yields 


^ » i  I  ^U~'for  _ 


(14) 


Rearranging  gives 


(15) 


When  there  are  no  input  signals,  (pjj,  _  ^ 


(16) 
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It  is  essential  for  the  stability  of  some  feedback  circuits 

that  there  be  no  output  pressure  difference  when  there  i'  no  input 

pressure  difference.  According  to  equation  |16)  this  requirement 

is  met  if  either  the  control  pressure  p^j^  is  zero  or  the  gain  ratio 

G_,/G  is  equal  to  one. 
pi  pr 

The  control  pressure,  pgj^,  cannot  equal  zero  when  the  outputs 
and  inputs  operate  at  different  reference  levels.  Therefore,  the 
amplifier  must  be  syimetrical.  This  is  especially  critical  when  the 
denominator  of  equation  (16)  is  very  small. 

3. 3  Proportional  Amplifier  and  Passive  Difference  Junction 


The  component  shown  in  figure  5a  is  called  a  passive  difference 
junction.  Its  purpose  is  to  convert  the  outout  pressure  difference 
signal  of  the  proportional  amplifier  into  a  pressure  signal  with  at¬ 
mospheric  pressure  as  a  reference. 

In  ooeration,  the  left-  and  right-side  outout  pressures  of  the 
proDortional  anolifier  become  the  inputs  to  the  passive  difference 
junction.  The  inputs  are  directed  oerpendicular  to  each  other  within 
the  passive  difference  chamber.  A  single  output  is  positioned  down¬ 
stream  of  the  intersection  of  the  jets  to  collect  the  fluid.  This 
output  signal  p^  is  related  to  the  individual  outputs  of  the  propor¬ 
tional  amplifier  by 


>  nr 


0 


(17) 


where  Pq  =  total  output  pressure  of  the 
passive  difference  junction 

K  =  proportionality  constant 

Figure  5(b)  shows  the  desired  performance  and  the  actual  per¬ 
formance  of  a  passive  difference  junction.  The  offset  is  usually 
small  but  must  be  accounted  for  in  the  computation 

Feedback  circuits  constructed  using  the  oroportional  amplifier- 
passive  difference  junction  combination,  have  no  flow  in  the  feedback 
loop  when  no  inout  signal  is  applied  to  the  proportional  amplifiers. 
This  differs  from  the  case  of  the  amplifier  without  the  passive 
difference  junction.  Another  advantage  of  the  oassive  difference 
junction  is  that  it  eliminates  half  the  oassive  comoonents  on  which 
the  comoutation  deoends. 
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Offset 


^ol "  ^or 


Characteristic 


Figur«  5  Th«  Passive  Difftrenct  Junction 


The  expression  for  the  output  of  the  difference  junction  may 
be  i/ritten  in  terms  of  the  proportional  amplifier  control  pressures 
by  combining  equations  (10)  and  (17). 


K  A<)  •  G  Ap  —  G  Ap 

^0  fr  'cr  pi 


(18) 


Finally,  in  the  range  of  linear  operation,  the  difference 
symbol  A  may  be  dropped  and  equation  (18)  becomes 


G  p  -  G 

pr  cr  fl 


(19) 


1,4  Proportional  Amplifier  and  Passive  Difference  Junction 
witn  feedback 

On  the  circuit  diagram  shovm  in  figure  6,  all  the  impedances 
are  considered  lumped.  This  has  been  found  to  be  a  good  approxi¬ 
mation  at  low  frequencies.  In  addition,  the  passive  Elements  are 
assumed  to  be  linear. 

In  figure  6,  a  proportional  amolifier  with  input  imoedances, 
and  Zjjp,  is  connected  to  a  passive  difference  junction.  The 
outout  of  the  difference  junction  is  connected  back  to  the  inputs 
of  the  oroportional  amplifier  through  a  oositive  feedback  impedance, 
Zof,  and  a  negative  feedback  impedance,  Z^f.  The  signal  is  aoolied 
to  one  input  of  the  oroportional  amplifier  through  the  forward  looo 
inout  impedance,  Zi.  This  circuit  can  be  analyzed  using  the  continM- 
ity  equation  for  incompressible  flow.  Thus 


where  Qp^  =  oositive  feedback  volume  flow 
Oi  =  input  volume  flow 
Ogj,  =  amplifier  right  input  volume  flow 


(20) 
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Z|  =  Forward  loop  input  impedance 

Zq\  •  Left  input  impedance 

Zar  *  input  impedance 

Zpf  -  Negative  feedback  loop  impedance 

Zpf  -  Positive  feedback  loop  impedance 

P[  =  Input  pressure  signal 

Pq  -  Ambient  pressure 

Q[  =  Input  volume  flow 

Qar  >  Amplifier  volume  flow 

Qnf  ‘  Negative  feedback  volume  flow 

Qpf  =  Positive  feedback  volume  flow 

Figure  6  Proportional  Amplifier  and  Passive  Difference  Junction 
With  Feedback 
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The  impedances  are  assumed  linear,  so  equation  (20)  can  be 
vrritten  in  terms  of  pressure  as 


(21) 


In  the  negative  feedback  loop,  the  feedback  imoedance  and  the 
amplifier  left-input  impedance  are  in  series.  The  flow  in  the  nega¬ 
tive  feedback  path  is  given  by 


Q 


nf 


fo  -  . 


(22) 


If  the  left  control  pressure,  Pd*  is  eliminated  between  equa¬ 
tions  (10)  and  (22)  the  result  is 


'Si 

-.t  ' 

«i 

K 

LV 

(23) 


Substitution  of  (23)  into  (21)  gives 


It  is  seen  that  the  passive  difference  junction  used  in 
conjunction  with  an  unsymnetrical  amoli^ier  gives  zero  output 
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for  a  zero  input.  With  reference  to  equation  (16),  this  is  in 
contrast  to  the  nonzero  output  of  an  jnsyn-netrical  ar^plifier  with 
feedback , 


3,5  Descriotion  of  Anolifiers 


Two  fluid  amplifiers  were  used  in  the  exoerinents,  a  two- 
sta^e  and  a  five-stage  cascade  of  proportional  amplifiers  designed 
for  oressuro  gain  (rather  than  for  flow  gain).  All  stages  are 
identical  in  design  (fig.  7  and  8), 

Both  the  two-  and  the  five-stage  amolifiers  have  an  aspect 
ratio  of  2,5  (ratio  of  depth  to  power  nozzle  width). 

For  the  two-stage  amplifier  the  power  nozzle  widths  are  0.020 
in,  and  the  control  nozzle  widths  are  .030  in,;  for  the  five-stage 
device  the  oowor  nozzles  are  0.010  in.  and  the  control  nozzles  are 
0.015  in.  The  five-stage  amnlifier  power  nozzles  are  suoolied  from 
a  common  manifold.  Supolv  pressure  is  applied  to  the  last  stage  and 
is  dropped  successively  through  resistances  before  being  fed  to  each 
o^  the  other  four  stages. 

The  oassive  difference  junctions  used  with  the  two-  and  five- 
stage  amplifiers  are  shown  in  figures  5  and  9,  resoect ively.  The 
pressure  gain  curves  for  the  amplifiers  are  shown  in  figures  10,  11, 
and  12. 

The  relation  between  outout  oressures  and  input  pressures  for 
the  five-stage  ampli^'ier  is  shown  in  figures  11  and  12,  The  pressure 
gains  of  the  left  and  right  side  are  seen  to  vary.  Thus  the  ratio 
of  the  pressure  gains  is  not  constant.  The  average  right-side  pres¬ 
sure  gain  is  about  430  and  the  average  left-side  pressure  gain  is 
about  300,  The  gains  of  this  five-stage  unit  are  relatively  low  be¬ 
cause  of  the  resistances  in  series  with  control  input  nozzles  of  the 
first  stage  (fig.  8),  This  construction  results  in  a  linear  amoli- 
fier  input  resistance  of  =  Rgi,  =  1.55  Ibf-sec/in.^ 


4  COMPUTATIONS 


4. 1  Scaling  (ilultiplication  by  a  Constant) 

The  arrangement  of  the  fluid  components  to  perform  scaling  or 
multinlication  by  a  constant  is  shown  in  figure  13a.  This  circuit 
contains  fluid  resistors,  a  proportional  fluid  amplifier,  and  a 
passive  difference  junction.  The  electrical  analog  is  diagrammed  in 
figure  13b,  which  is  equivalent  to  the  feedback  circuit  of  figure 
6  with  infinite  positive  feedback  impedance  (  Zpf  =  oo  ).  The  ratio 
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POWER  JET 


Figur*  7 


Two  Stag*  Proportional  Fluid  Amplifier 
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LEFT 

CXJTPUT 


RIGHT 

OUTPUT 


LEFT  INPUT 


RIGHT  INPUT 


INPUT  RESISTANCE 


POWER  JET  (TYPICAL) 


Figure  8  Five  Stage  Prooortional  Fluid  Amplifier 
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(in.  HjO) 


Pj  (iaH2  0) 


Figur*  10  Prtsturt  G«in  of  tho  Two  Stago  Proportional  Amplifitx 
mth  Pasalva  Diffaronco  Junction  (PDJ) 
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Figur*  ).l  Pr«sturt  Gain  of  tha  Fivt  Stag#  Proportional  Fluid 
Aaplifiar  -  Loft  Sida 
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Flgurt  12  Pr«ttur«  Gain  of  th«  Fivt  Stag*  Proportional  Fluid 
Aaplifiar  -  Right  Sid« 
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(a) 

Fluid  Circuit 
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of  outnut  pressure,  Dq,  to  input  pressure,  p£,  is  obtained  fron 
equation  (24)  by  substituting  resistances  for  the  unknown  im¬ 
pedances.  This  yields 


1 

'_K 

+  ,(Gr» 

Ra 

Vi 

R-.r  1 

The  cascaded  ^ive-stage  proportional  amplifier  was  used  for 
the  scaling  operation.  The  power  jet  pressures  use:!  were  D.Of, 
0.12,  0.40,  1.28,  and  5.26  psig. 

Since  the  experimentally  determined  pressure  ^^ain  ratio 
Sj3i/Spr  varied  widely,  it  was  decided  to  compare  the  experimental 
scaling  operation  with  the  theory  by  assuming  a  symmetrical  ampli¬ 
fier.  Equation  (25)  then  re  luces  to 


^  _  Rnt  1.55 
Ri-l-L55 


(26) 


where  -  1.55  Ibf-sec/in^,  K  =  1,  -g-  «0 

With  Ri  =  0.60  Ibf-sec/in. ^ ,  the  negative  feedback  resistor, 

is  varied  from  1,94  to  23.12  Ib^-sec/in^,  This  is  equivalent 
to  multiplications  from  1,6  to  10, G.  The  results  of  this  experi¬ 
ment  are  shown  in  figures  14  and  15  along  with  the  theory  predicted 
by  enuation  2C. 

4.2  Integration 

The  clioice  of  a  circuit  to  perform  integration  is  limited  by 
the  types  of  passive  components  available.  One  possibllitv  is  the 
"bootstrap"  integrator  circuit  shown  in  figure  IGa.  (ref.  3)  This 
circuit  contains  fluid  resistors,  a  fluid  capacitor,  a  proportional 
fluid  amplifier  and  a  passive  difference  junction.  The  electrical 
analog  o^  this  circuit  is  shoi-n  in  figure  16b.  In  this  integrator 
regenerative  or  positive  feedback  is  used  to  boost  the  pressure  in 
the  tank  by  an  amount  equal  to  the  difference  betv/een  true  inte¬ 
gration  and  RC  integration.  The  impedances  in  figure  6  are  replaced 
by  resistors  except  for  one  amplifier  input  impedance  (either  right 
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INPUT  PRESSURE,  pjdn.HgO) 

Figur*  14  Conpariton  of  Exporlntntal  and  Thaoratical  Scaling 

I 

Signal  to  Right  Control  With  R^=la55  and  R^=0.60  Ibf-Mc/ih 
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(b) 

Electrical  Analog 


Integrating  Circuit 


or  left).  This  inout  irr.oedance  is  reol.’ced  by  the  parallel  con- 
bination  of  a  resistor  and  a  caoacitor  to  'ground.  This  is  ex¬ 
pressed  nathenatically  as 


z 


a^r 


(27) 


Substitutin;^  equation  (27)  into  equation  (24)  and  chanqinr, 
the  other  impedances  into  resistances  yields 


% 


^  ,  Gf* 

‘  LV  G^J 

Sf  V 

Cl.r)  V 

'-/hen  the  innut  nressure,  pj,  is  a  step  function,  the  solu 
tion  of  equation  (28)  is 


(29) 


where 


B  = 


+ 


R.»i 


and 


t  =  R.C 


rvf 


»1»r 


.Hien  3  =  0,  true  integration  results.  The  theoretical 
effect  o*'  3  ^  0  on  the  integration  of  a  steo  is  shown  in  figure 
17.  Positive  values  of  3  indicate  that  there  is  not  enou.^h 
oositive  feedbac'x.  ’.'egative  values  of  3  indicate  an  excess  of 
oositive  feedback.  The  resistances  can  always  be  adjusted  so  that 
B  is  zero  as  long  as  an  active  comoonent  with  oositive  forward 
loop  oressure  gain  greater  than  unity  is  available,  Without  this 
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DIMENSIONLESS  TIME  RATIO  t/T 

Figur«  17  Effect  of  Positive  Feedback  on  the  Accuracy  of  Integration  of  a  Step  Input 


active  comoonent  a  physically  unrealizable  negative  resistive 
component  would  be  required.  Figure  18  demonstrates  this  same 
point  experimentally.  Here,  a  step  input  is  supplied  to  the 
circuit  with  and  without  positive  feedback.  The  result  is  as 
oredicted  theoretically  by  equation  (29), 

Two  integrators  were  constructed.  One  used  the  two-stage 
amplifier  with  passive  difference  junction  -  1.75),  In  this 
case  there  wss.a  small  offset  (fig.  5b).  The  other  used  the  five- 
stage  amplifier  with  passive  difference  junction  (0^  =  350),  The 
circuit  with  the  two-stage  amplifier  used  only  positive  feedback 
(Ry^f  =  •),  This  arrangement  has  the  advantage  of  eliminating  the 
symmetry  problem.  However,  the  qualitv  of  the  integration  de¬ 
pends  on  the  pressure  gain  remaining  constant.  Under  this  condi¬ 
tion,  with  the  resistors  adjusted  to  make  B  equal  to  zero,  equa¬ 
tion  (28)  becomes 


KR;Cs 


(30) 


In  these  tests,  the  capacitance  had  a  volume  of  approximately 
200  in, 3,  The  equivalent  capacitance  was  13,52  in.^/lBf,  The 
forward  loop  resistance  was  chosen  as  1,936  Ibf-sec/in , 5,  and 

K  s  1.  Substituting  these  values  into  equation  (30)  results  in 


i.7y 


'o  (li.52X‘.93<») 


h 


clt  =  o.ourj f.  dt 


(31) 


'.-/hen  Pi  is  a  step  pressure,  equation  (31)  may  be  plotted  as 
the  output  pressure  against  time  for  various  input  levels.  This 
is  shown  in  figure  19  along  with  the  experimental  data.  The  theory 
has  been  adjusted  to  Include  the  initial  offset.  The  response  to 
a  pulse  of  finite  width  is  shown  in  figure  20,  The  output  does  not 
continue  to  rise  during  the  second  pulse  because  the  amplifier  has 
reached  saturation. 

The  integrator  formed  with  the  higher  gain  five-stage  amplifier 
used  both  positive  and  negative  feedback.  In  this  arrangement  the 
magnitude  of  the  gain  can  vary  without  causing  appreciable  effects 
on  the  Integration.  Theoretically  the  integration  depends  solely  on 
passive  components.  However,  the  disadvantage  here  is  that  the  . 
svmmetry  of  the  amplifier  becomes  a  major  factor.  Equation  (28)  with 
the  assumption  of  a  high  gain  symmetrical  amplifier  becomes 
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Exp«rliD«ntal  Coopariton  of  Intogration  Circuit 


OUTPUT  PRESSURE  (in.  H2O) 
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Figur*  19  Conpariton  of  Expariowntal  and  Thaoratical  Intagration  of  a 
Stap  Input  -  Two  Stag#  Amplifiar 
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Figure  20  Integrator  Response  to  a  Step  Input  -  Two  Stage  Amplifier 


(32) 


) 


P-  R.Cs 


when  the  resistances  are  adjusted  to  nake  3  equal  to  zero. 

In  this  integrator,  was  chosen  equal  to  2.45  Ibf-sec/in,^ 
was  taken  as  1,94  Ibf-sec/in^,  Substituting  these  values 
into  equation  (32)  yields 


\,5S  1.94- 

1.55 


_ I _ 

(i. 45X13.52) 


dt 


yjv. 


0.06B  it 


(33)’ 


This  equation  is  olotted  in  figure  21  for  various  steo  nres- 
sure  levels  of  the  innut  oressure.  The  exoerimental  values  are 
also  shown. 


5  DISCUSSION 


The  experimental  results  of  the  scaling  operation  are  connared 
with  the  theoretical  predictions  in  figures  14  and  15,  Tigurc  14 
presents  the  data  when  the  input  pressure  signal  is  apnlied  to  tne 
right  side  with  feedback  to  the  left  side;  in  the  data  of  figure  15 
the  input  and  feedback  sides  were  reversed.  These  results,  which 
agree  in  a  general  way,  clearly  indicate  that  the  overriding  influ¬ 
ence  on  acc irate  computation  is  the  lack  of  symmetry  rather  than  the 
]?elativel/  low  pressure  gain  of  the  amplifier.  It  is  believed  that 
more  symmetrical  amplifiers  and  matched  pairs  of  accurate  resistive 
components  will  perform  accurate  scaling  operations  without  the  pas¬ 
sive  difference  junction.  Scaling  does  not  present  anv  stability 
problems  in  the  low  operating  frequency  range. 

Integration,  on  the  other  hand,  presents  much  more  difficult 
problems.  The  limitation  on  useful  passive  fluid  components  has 
led  to  the  adoption  of  circuitry  with  positive  feedback.  The  sta¬ 
bility  has  been  maintained  artific4411y  through  the  use  of  the  pas¬ 
sive  difference  junction.  Figure*  19  and  21  compare  theory  and 
experiment  for  two  modes  of  integration.  In  one  mode,  the  integra- 


370 


tlon  is  dependent  to  a  large  degree  on  the  symmetry  of  the  ampli¬ 
fier,  but  not  significantly  on  the  magnitude  of  the  gain.  It  is 
desirable  in  analog  computation  to  make  the  computation  independent 
of  the  amplifier  gain  so  that  this  mode  is  preferable.  In  both 
modes  the  agreement  between  theory  and  experiment  is  good.  However, 
the  use  of  the  passive  difference  junction  results  in  a  great  sacri¬ 
fice  in  versatility.  Thus  only  positive  integration  is  possible  as 
the  anq>lifier  proceeds  monotonically  toward  saturation.  This  com¬ 
ponent  prevents  negative  integration.  Ito  perform  both  positive  and 
negative  integration,  the  aunplifier  must  be  operated  entirely  as  a 
differential  amplifier.  This  requires  perfect  symmetry  or  the  inte¬ 
grator  will  be  unsted>le  at  low  frequencies.  It  is  believed  that  in 
this  case  the  accuracy  of  integration  will  have  to  be  exchanged  for 
increased  stability. 

It 

It  is  recognized  that  a  very  important  consideration,  the  dy¬ 
namic  performance  of  the  components,  has  not  been  mentioned.  At  the 
present  time  the  transfer  functions  for  the  proportional  amplifier 
have  not  been  measured.  Work  along  this  line  is  planned.  However, 
in  the  present  tests,  passive  components  were  chosen  such  that  the 
time  constants  were  several  orders  of  magnitude  higher  than  the  ex¬ 
pected  amplifier  time  constant.  In  addition  transport  times  through 
the  components  were  short  so  that  the  lumped  parameter  circuit  theory 
was  closely  approximated. 

The  dynamic  range  of  these  computer  circuits  is  between  SO  and 
100.  This  is  the  ratio  of  the  largest  possible  signal  to  the 
smallest  signal  discernible  above  noise. 


6  CONOLUSIONS 


The  operatjpv  of  scaling  and  integration  have  been  performed  with 
no  mechanical  moving'  part  fluid  components.  The  agreement  between 
theory  and  experiment  is  only  fair.  The  discrepancies  are  attributed 
mainly  to  the  lack  of  symmetry  in  the  proportional  amplifiers  rather 
than  to  relatively  low  pressure  gain  values. 

Due  to  the  nonexistence  of  a  no-moving-part  fluid  blocking  capaci¬ 
tor,  a  positive  feedback  circuit  (the  bootstrap  integrator)  was  used 
for  integration.  This  circuit  has  poor  stcd)ility  in  the  low  frequency 
range  where  the  proportional  amplifier  operates.  Stability  was  estab¬ 
lished  artificially  with  a  new  component,  the  passive  difference 
junction,  but  computational  versatility  was  sacrificed. 
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A  FLUID  ENCODING  SYSTEM 


l^e  developaent  of  an  encoding  ^atea  using  pure  fluid  devices 
is  described.  The  systea  consists  of  three  portions:  a  device  to 
quantize  an  angular  rotation  into  incremental  digital  fluid  signals, 
a  logic  section  to  shape  the  fluid  pulses,  a  section  to  sense  direction 
of  rotation  and  a  bidirectional  counter.  The  input  to  the  counter  is 
the  angular  position  in  quanta  from  the  point  at  which  the  counter  is 
reset.  The  counter  suns  algebraically  the  number  of  feedback  pulses 
received.  A  slotted  disk,  rotating  between  two  sets  of  opposed  nozzles, 
is  employed  as  the  quantizer  Itie  slots,  equally  spaced  circumferentially, 
allow  fluid  flow  from  supply  nozzle  to  receiver  nozzle  while  the  spaces 
between  slots  inhibit  such  flow.  The  outputs  of  the  receiver  nozzles 
are  fed  to  pulse  ^xning  circuitry  and  logical  gating  which  senses 
direction  of  rotation.  The  fluid  pulses  from  this  section  are  gated  to 
the  appropriate  input  of  a  bidirectional  counter  The  counter  is 
comprised  of  T  or  trigger  memory  elements  in  addition  to  the  necessary 
logical  gating  elements. 

The  speed  of  operation  and  sensitivity  relationships  will  be 
discussed.  Experimental  verification  of  the  design  will  be  presented 
which  demonstrates  the  advantages  and  disadvantages  of  this  type  of 
digital  position  transducer. 
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FEASIBILITY  STUDY  OF  A  FLUID  AMPLIFIER 
STEAM  TURBINE  SPEED  CONTROL 


By  W.  A.  Boothe*  Project  Engineer 
Advanced  Technology  Laboratories 
General  Electric  Company 
Schenectady ,  N.  Y. 

(For  presentation  at  the  Second  Fluid  Amplification  Symposium, 
Harry  Diamond  Laboratories.  May  1964) 

ABSTRACT 

This  paper  describes  a  study  of  the  feasibility  of  applying  fluid 
amplifiers  to  the  control  of  a  steam  turbine.  Work  was  performed 
under  Contract  Nonr  4001(00)  sponsored  by  the  Office  of  Naval  Research. 
The  study  included  an  extensive  computer  analysis  to  determine  the 
relative  merits  of  all-analog,  all-digital,  or  hybrid  analog /digital  opera¬ 
tion.  Circuit  requirements  to  meet  the  more  rigid  Specification  MIL-G- 
‘  21410  were  determined.  Using  fluid  amplifier  elements,  it  appears 
feasible  to  get  performance  equivalent  tc  that  now  obtained  by  elec- 
trohydraulic  speed  controls. 

A  description  is  given  of  a  working  demonstrator  using  tuned 
reed  speed  references.  The  demonstrator  consists  of  a  small  air  tur¬ 
bine  with  a  pneumatic  drag- brake  load.  In  this  circuit  there  are  no 
moving  parts  other  than  the  turbine  and  the  tuned  reeds.  Problems 
of  extrapolating  the  design  to  full  scale  machines  will  be  discussed. 

INTRODUCTION 

Specifications  for  ship-board  steam  turbine-generator  governors 
stress  both  performance  and  reliability.  In  present  applications,  these 
governors  are  either  hydromechanical  or  electrohydraulic  devices. 

This  paper  describes  a  study  of  the  feasibility  of  using  fluid  amplifiers 
with  a  minimum  of  moving  parts  to  implement  such  a  control. 

The  advantages  of  these  devices  are  their  potential  for  extremely 
high  reliability  over  long  time  periods,  and  the  fact  that  they  can 
withstand  extreme  environments  of  temperature,  nuclear  radiation, 
shock  and  vibration.  In  addition,  they  are  capable  of  operating  with 
virtually  any  working  fluid,  regardless  of  its  lubricating  qualities.  By 
proper  choice  of  materials,  corrosion  of  the  elements  is  not  a  prob¬ 
lem.  While  fluid  amplifiers  cannot  be  used  arbitrarily  as  substitutes 
for  electronic  or  hydromechanical  controls,  there  are  many  applica¬ 
tions  they  can  satisfy  with  unique  advantage.  It  will  be  seen  that  the 
speed  control  of  a  ship's  service  turbine  is  one  application  where  fluid 
controls  have  such  an  advantage.  Not  only  are  they  capable  of  the 
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performance  necessary,  but  they  would  be  more  reliable  and  can  use 
the  available  water  or  steam  as  a  working  fluid  and  eliminate  the  need 
for  a  separate  fluid  supply  system.  This  is  consistent  with  the  Navy's 
long  range  interest  in  encapsulated  equipment  using  a  single  fluid. 

The  study  described  in  this  paper  consisted  of  an  analytical  inves¬ 
tigation  of  various  possible  systems  together  with  a  hardware  study  of 
critical  components.  For  brevity,  only  the  most  promising  systems 
will  be  described,  and  discussion  of  components  will  be  confined  to 
those  of  the  Reed  Governor  system  that  was  finally  selected. 

INITIAL  SYSTEMS  ANALYSIS 

The  basic  guideline  for  the  systems  analysis  was  Specification 
MIL-G* 21410  (Ships).  This  specification  calls  for  the  capability  for 
isochronous  operation  and  rapid  recovery  from  large  load  transients. 
Ship- board  turbine  generator  sets  often  operate  singly,  and  do  not  tie 
in  to  an  equivalent  "infinite  bus"  as  do  large  land-based  central 
station  power  plant  turbines.  As  a  result,  the  speed  control  require¬ 
ments  of  the  above  specs  are  stringent.  Currently,  electrohydraulic 
systems  are  generally  used  to  meet  the  control  requirements  of  the 
above  specification  and  hydromechanical  systems  are  used  to  meet 
earlier,  less  stringent  specs. 

Requirements  of  particular  interest  stated  in  MIL-G- 21410 
include: 

a.  ^  0.  25^  steady  state  speed  accuracy. 

b.  Maximum  transient  speed  deviat  ion  of  when  a  load 
drop  or  load  increase  of  100^  of  rated  load  is  applied 
to  the  turbine.  In  addition,  speed  must  recover  to 
within  -f  0.  5^  in  less  than  1.  5  seconds  of  the  load 
change. 

Analytical  studies  were  performed  on  a  wide  variety  of  systems 
that  fall  into  the  three  general  categories  of: 

a.  All-digital, 

b.  Hybrid  analog  and  digital, 

c.  All- analog. 

The  studies  made  extensive  use  of  both  the  analog  and  digital 
computer  facilities  available  at  the  Advanced  Technology  Laboratories. 
The  results  presented  in  this  paper  represent  a  distillation  of  the 
many  studies,  and  dwell  primarily  on  the  most  attractive  system 
studied  in  each  of  the  above  three  categories. 
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All-Digital  System 

The  straightforward  approach  to  an  all-digital  control  would 
require  counting  the  number  of  revolutions  over  a  fixed  time  period, 
comparing  this  to  a  desired  number  of  revolutions  in  that  time  period, 
storing  this  information  in  a  register  and  passing  it  on  to  produce 
corrective  action  in  the  control.  The  error  signal  will  not  change 
until  a  new  sample  is  taken,  at  which  time  the  error  signal  in  the 
register  is  changed  and  new  corrective  action  is  taken.  To  obtain  high 
accuracy  of  control,  a  large  number  of  counts  must  be  made  in  each 
sample.  To  obtain  rapid  response,  the  samples  must  be  taken  at 
extremely  short  intervals.  As  the  sampling  rate  increases,  the  per¬ 
formance  of  the  control  becomes  more  and  more  like  that  of  an  analog 
control.  Computer  studies  show  that,  to  obtain  both  the  necessary 
accuracy  of  steady- state  speed,  as  well  as  the  ability  to  stay  within 
specifications  on  transients,  a  count  rate  of  400  cycles  per  second  per 
percent  of  speed  error  is  necessary.  This  would  require  an  informa¬ 
tion  rate  capability  of  several  KC  in  an  all-digital  control  of  this  type, 
and,  if  it  must  maintain  control  from  start-up  through  full  speed,  this 
implies  a  pulse  rate  as  high  as  40  KC.  This  obviously  is  beyond  the 
present  state  of  the  art  of  practical  fluid  controls. 

By  careful  system  design  it  is  possible  to  greatly  reduce 
the  pulse  rate  requirement  of  an  all-digital  system.  The  most  appeal¬ 
ing  system  of  this  type  that  has  been  studied  to  date  is  shown  in 
Figure  1.  This  system  consists  of  a  proportional  plus  reset  type  of 
system,  where  the  reset  action  is  provided  by  a  reversible  counter, 
and  the  proportional  action  is  provided  by  three  speed  samplers.  The 
speed  samplers  are  arranged  in  such  a  way  that  they  produce  a  rela¬ 
tively  low  proportional  gain  for  small  speed  errors  and  higher  gains 
for  higher  errors.  Due  to  the  extreme  non-linear  nature  of  such  a 
system,  it  was  studied  on  the  GE-225  digital  computer  at  the  Advanced 
I'echnology  Laboratories.  Typical  results  of  this  study  are  shown  in 
Figure  2.  The  curves  are  presented  in  terms  of  percent  turbine  speed 
deviation  vs.  time  due  to  a  lOC^  step  application  of  load.  Figure  2 
shows  results  for  a  system  where  a  basic  pulse  rate  of  32  pulses  per 
second  per  percent  speed  error  is  used.  In  this  system,  each  pulse 
results  in  a  2-1/2^  change  (quanta)  of  steam  flow.  Many  other  pulse 
rates  and  quanta  sizes  were  considered. 

One  basic  conclusion  of  the  digital  study  was  that  the  tran¬ 
sient  response  remains  approximately  the  same,  as  long  as  the  product 
of  the  pulse  rate  times  the  quanta  size  is  held  constant.  However, 
increasing  the  quanta  size  will  result  in  a  larger  limit  cycle.  Without 
resorting  to  additional  circuitry  for  suppression  of  the  limit  cycle,  it 
appears  to  be  quite  difficult  to  eliminate  it  completely.  If  the  possible 
limit  cycle  is  held  to  an  extremely  small  value,  the  true  limit  cycle 
may  not  show  up  in  actual  operation,  due  to  the  effects  of  deflection  of 
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Block  Diagram  - 

Modified  All  -  Digital  Control 

(Proportional  plus  reset) 
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Figure  1 
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Figure  2 

Response  to  Step  Load  Change 
(Modified  All-Digital  Control) 

32  pps/%  speed  error,  2  1/2%  quanta 


parts,  friction  and  other  factors.  Such  reduction  of  limit  cycle  size 
implies  a  finer  control  requiring  more  elements. 

The  conclusion  of  the  studies  of  all-digital  systems  was 
negative,  due  to  several  reasons.  First,  such  a  system  will  require  a 
large  number  of  active  fluid  elements  to  perform  the  necessary  func¬ 
tions  if  performance  specs  are  to  be  met.  Secondly,  undesirable  limit 
cycle  oscillations  will  exist  unless  still  more  system^  elements  are  used. 
The  limit  cycle  oscillation  in  itself  would  be  most  undesirable  due  to  the 
resulting  low  quality  of  the  electrical  output  signal,  and  also  because  of 
the  continuous  motion  of  the  steam  valve  parts  that  would  result. 

Hybrid  Digital/Analog  System 

A  hybrid  digital /analog  system  would  make  use  of  the  best 
features  of  both  the  analog  and  digital  types  of  fluid  transistor  elements. 
Normally,  an  analog  control  would  feature  fast  response  but  not 
extreme  accuracy,  particularly  if  integration  is  to  be  performed.  On 
the  other  hand,  easily  realizable  digital  systems  would  be  limited  by 
a  speed  of  response,  but  would  be  capable  of  high  accuracy,  particu¬ 
larly  when  performing  the  integration  function,  such  as  in  a  rever¬ 
sible  counter.  Therefore,  a  system  of  the  type  shown  in  block  dia¬ 
gram  form  in  Figure  3  was  investigated.  This  system  makes  use  of 
the  well-known  proportional  plus  reset  approach,  where  an  analog  speed 
sensor  obtains  a  proportional  signal  necessary  for  good  transient  per¬ 
formance,  and  a  digital  speed  sensor  in  conjunction  with  a  reversible 
counter  is  used  for  the  slower  reset  action  which  is  necessary  for 
steady- state  accuracy.  A  typical  analog  computer  trace  is  shown  in 
Figure  4,  where  several  reset  rates  are  studied,  having  Z-1/2^  propor¬ 
tional  speed  regulation  (temporary  droop)  and  a  steam  valve  actuator 
that  moves  in  6^  steps.  The  trace  shows  that  the  reset  rate  of  four 
pulses  per  second  per  percent  error  will  provide  adequate  transient 
and  steady- state  speed  accuracy.  For  this  condition,  a  pulse  rate  of 
only  40  pulses  per  second  would  result  for  speed  errors  as  large  as 
105t  This  is  much  larger  than  any  exF>ected  error  that  will  be  encoun¬ 
tered,  and  is  well  within  the  existing  frequency  capability  of  fluid 
amplifier  devices.  It  can  also  be  seen  that  equivalent  transient  control 
can  be  obtained  using  a  system  of  smaller  quanta  size  steps,  provided 
the  pulse  rate  is  Increased.  Thus,  if  the  quanta  size  is  reduced  to  \%, 
equivalent  transient  response  can  be  obtained  if  the  pulse  rate  is 
increased  to  24  pulses  per  second  per  percent  speed  error.  The 
hybrid  system  will  also  have  a  steady- state  limit  cycle,  as  shown  in 
Figure  4.  The  size  of  this  limit  cycle  will  be  quite  small  as  long 
as  small  quanta  sizes  are  used,  and  this  may  result  in  no  noticeable 
movement  of  the  steam  control  valve  or  bobble  in  the  actual  turbine 
speed  in  a  practical  system. 

It  is  possible  to  eliminate  the  limit  cycle  in  theory  as  well 
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Figure  3  Block  Diagram  Hybrid  Analog  -  Digital  Control 


Figure  4  Response  to  50%  Step  Load  Change 
Hybrid  Analog /Digital  Control 


as  practice  by  a  relatively  simple  addition  to  the  circuitry  in  the 
hybrid  system ,  at  some  expense  in  speed  accuracy.  If  the  quanta 
sizes  are  small  enough,  the  resulting  decrease  in  steady- state  accuracy 
will  not  be  objectionable.  It  should  also  be  p>ointed  out  here  that  the 
quantum  changes  in  steam  flow  can  be  obtained  by  a  stepping  type  actu¬ 
ator,  as  described  above,  or  could  be  obtained  equally  well  (and  prob¬ 
ably  more  practically)  from  a  proportional  actuator  where  the  signals 
to  this  actuator  are  changed  in  quantum  steps  by  the  output  of  the 
reversible  counter.  It  is  felt  that  the  hybrid  system  can  be  implemen¬ 
ted  by  devices  that  exist  in  the  present  or  near  future  state  of  the  art. 
However,  a  study  of  the  hardware  requirements  of  this  system  showed 
that  it  will  require  many  more  active  fluid  amplifier  elements  than  an 
all- analog  system. 

All-Analog  System 

Analysis  of  an  all-analog  system  is  straightforward  and 
shows  that  the  required  control  action  can  be  obtained  using  either  a 
proportional- plus- reset  system  or  an  integrating  system  with  lead-lag 
stabilization.  The  problem  in  an  all- analog  system  is  to  get  a  speed 
sensor  of  sufficient  accuracy.  After  a  survey  of  various  approaches, 
it  was  concluded  that  a  Reed  or  Tuning  Fork  Governor  system  was 
the  best  approach  to  the  all-analog  system.  The  remainder  of  this 
paper  will  be  devoted  to  this  approach,  including  both  the  hardware 
design  and  system  analysis  aspects. 

REED  (OR  TUNING  FORK)  TYPE  ANALOG  SPEED  SENSOR 

The  Reed  Governor  principle  for  hydraulic  and  pneumatic  speed 
control  was  invented  and  developed  at  General  Electric  Company  seve¬ 
ral  years  ago.  This  approach  offers  advantages  in  reliability  and 
accuracy  that  cannot  be  found  in  other  speed  sensing  means.  To 
directly  sense  the  shaft  speed,  the  Reed  Governor  uses  a  sinusoidal 
chopper  consisting  of  a  wobble  plate  mounted  on  the  turbine  shaft, 
which  provides  a  sinusoidal  variation  in  restriction  of  the  outlet  of 
two  nozzles  (spaced  180  apart),  as  shown  in  Figure  5.  The  result  is 
a  sinusoidal  output  pressure  signal  from  each  nozzle,  the  signal 
from  nozzle  1  being  180  out  of  phase  with  from  nozzle  2.  The 
two  pressure  signals  are  transmitted  to  driving  nozzles  which  apply  a 
sinusoidal  driving  force  to  a  tuned  resonant  reed,  as  shown  in  Figure 
6.  Attached  to  the  end  of  the  reed  is  a  small  spatula  which  intercepts 
the  flow  of  fluid  from  a  sensing  nozzle.  Below  the  spatula  is  a  sen¬ 
sing  receiver  directly  in  line  with  the  nozzle.  When  the  reed  is  at 
rest,  the  spatula  intercepts  all  of  the  fluid  from  the  sensing  nozzle, 
and  none  impinges  on  the  sensing  receiver.  When  the  driving  signal 
from  the  sinusoidal  chopper  reaches  a  frequency  approaching  the 
resonant  frequency  of  the  reed,  the  reed  will  start  to  vibrate,  resul¬ 
ting  in  intermittent  opening  of  the  path  from  the  sensing  nozzle  to  the 
sensing  receiver.  As  the  reed  goes  through  resonance,  the  output 
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pressure  signal  from  the  sensing  receiver  will  go  through  a  maximum, 
as  shown  in  the  diagram  on  Figure  6.  Beyond  resonance,  the  signal 
will  die  out  again  as  the  reed  amplitude  decreases.  The  same  prin¬ 
ciple  can  be  applied  to  a  tuning  fork,  as  well  as  a  tuned  reed,  the 
reed  being  used  here  for  simplicity  of  illustration.  A  tuning  fork  will 
have  certain  advantages  in  that  it  is  less  sensitive  to  vibration  and  to 
means  of  anchoring  it  to  its  base. 

When  two  tuned  reeds  that  are  tuned  at  somewhat  different  frequ¬ 
encies  are  combined,  a  speed  error  sensor  can  be  formed  as  shown 
in  Figure  7.  The  output  from  the  sensing  receivers  are  fed  to  an 
analog  valve  which  produces  a  subtracting  function.  When  the  two 
signals  are  subtracted  from  each  other,  a  characteristic  output  differ¬ 
ential  pressure  is  generated  as  a  function  of  signal  frequency,  as 
shown  in  Figure  7.  The  reed  frequencies  are  tuned  so  that  the 
desired  set  frequency  is  midway  between  the  two.  As  a  result,  at  the 
desired  operating  point,  the  differential  output  pressure  from  the  ana¬ 
log  valve  will  be  zero.  When  speed  is  below  the  desired  value,  the 
differential  output  pressure  will  be  positive,  and  when  above  the 
desired  value,  the  differential  output  pressure  will  be  negative.  A 
Reed  Governor  of  this  type  has  been  built  and  operated  as  part  of  the 
ONR  Fluid  Controls  Program.  Actual  test  results  of  the  output  char¬ 
acteristic  are  shown  in  Figure  8,  where  the  working  fluid  is  air,  and 
the  supply  pressu  e  to  the  analog  valve  is  4  psi. 

The  vibrating  reed  speed  sensor  is  a  very  straightforward  method 
of  sensing  shaft  speed  and  would  be  assumed  to  be  as  fast  in  response 
as  the  basic  reed  resonance  itself.  The  steady- state  characteristic 
curve  for  a  single  reed  is  shown  in  the  top  curve  of  Figure  9.  The 
amplitude  of  the  reed  motion  is  expressed  in  decibels  and  is  plotted 
versus  the  logarithm  of  the  steady- state  input  frequency.  The  dynamic 
response  of  the  Reed  Governor,  however,  depends  on  the  modulation 
frequency  in  the  signal,  not  on  the  prime  frequency.  A  reed  that  has 
a  steady- state  resonance  of  ZOO  cycles  per  second  may  have  a  "sensor" 
resonance  of  less  than  20  cycles  per  second,  as  shown  in  the  bottom 
curve  of  Figure  9.  It  is  the  dynamic  performance  of  the  reed  that  must 
be  considered  in  a  stability  analysis  of  a  system  utilizing  the  vibrating 
reed  speed  error  sensor.  References  1  and  2  describe  mathematical 
techniques  of  predicting  "sensor"  resonance  and  give  design  curves 
verified  by  tests. 

Tests  performed  on  the  Reed  Governor  used  air  as  the  working 
fluid.  This  was  done  for  economy  and  convenience.  However,  the 
earlier  G.  E.  sponsored  work  of  References  1  and  2  successfully 
demonstrated  hydraulic  oil  as  a  working  fluid. 

To  evaluate  the  Reed  Governor,  it  was  used  to  control  a  small 
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air  turbine,  as  shown  in  Figure  10.  The  output  of  the  Reed  Governor 
•was  amplified  and  used  to  modulate  the  air  flow  to  the  turbine.  A  com¬ 
plete  schematic  diagram  of  this  circuit  is  given  in  Figure  11.  The  tur¬ 
bine  itself  was  loaded  by  a  gear  wheel  against  which  a  jet  of  air  could 
be  impinged  to  obtain  a  wide  range  of  load.  Figure  12  shows  the 
steady- state  speed  holding  capability  of  the  governor.  It  should  be 
emphasized  that  the  test  rig  in  its  present  form  is  a  proportional  speed 
control  without  re- set.  As  a  result,  some  regulation  will  be  present 
which  will  not  appear  in  a  final  design.  Figure  12  shows  a  total  varia¬ 
tion  from  201  cps  down  to  198.  5  cps  over  the  load  range  tested. 
Demonstrations  were  also  conducted  where  the  Reed  Governor  main¬ 
tained  speed  of  the  turbine  during  both  positive  and  negative  load 
transients. 


REED  GOVERNOR  SYSTEM  ANALYSIS 

The  initial  system  analysis  showed  tha.t  an  all- analog  system  will 
have  a  block  diagram  of  the  form  of  Figure  13.  The  Reed  Governor 
will  serve  as  the  speed  error  sensor.  The  output  from  the  speed  error 
sensor  must  be  passed  thru  a  correction  network  to  assure  adequate 
stability  of  the  loop,  together  with  isochronous  operation.  The  output 
of  the  correction  network  controls  steam  flow  by  means  of  a  steam 
valve,  which  in  turn  controls  the  turbine  speed.  The  system  analysis 
described  below  was  performed  using  parameters  characteristic  of  the 
Reed  Governor.  The  Reed  Governor  exhibits  a  flat  frequency  response 
up  to  a  frequency  whtre  it  exhibits  a  second  order  break,  or  reson¬ 
ance,  with  damping.  (The  frequency  referred  to  in  this  case  is  the 
frequency  of  oscillation  of  shaft  speed,  not  ^he  output  frequency  of  the 
alternator. )  References  1  and  2  give  a  detailed  analytical  derivation 
of  this  characteristic,  as  well  as  design  curve  test  results  verifying 
the  analysis.  The  derivations  of  References  1  and  2  apply  equally 
well  to  any  resonant  type  of  sensor,  be  it  a  tuning  fork,  Helmholtz 
Resonator,  or  electronic  circuit.  The  ratio  of  the  "sensor  resonance" 
frequency,  to  the  tuned  frequency  is  a  function  of  design.  Values 

of  5  to  2 05^  are  typical. 

Figure  14  shows  a  simplified  Bode  attenuation  plot  of  the  analog 
system.  Here  the  characteristics  are  exaggerated,  and  straight  line 
approximations  are  used  with  the  exception  of  the  sensor  resonance. 

The  system  characteristic  includes  a  lead  break  at  frequency  u)j,  a 
lag  break  at  frequency  sensor  resonance  at  frequency 

Analog  computer  studies  were  performed  on  a  system  having  the 
general  characteristics  of  Figure  14.  The  analog  computer  study 
showed  that  the  system  represented  by  Figure  14  would  produce  satis¬ 
factory  resp>onses  of  the  type  shown  in  Figure  15.  Here  the  peak 
frequency  change  due  to  a  100^  load  drop  is  1.  9^,  and  frequency 
settles  out  to  within  0.15^,  1-1/2  seconds  af.er  the  transient. 
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Figure  10  Reed  Governor  Test  Rig 
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Figure  11  Schematic  Diagram  Reed  Governor  Test  Rig. 
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Figure  14  Simplified  Bode  Attenuation  Diagram 
All  -  Analog  Control. 
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gure  15  Response  to  100%  Step  Load  Change  -  All- Analog  Control 


Performance  was  simulated  for  conditions  bracketing  the  optimum 
op>erating  range  to  determine  the  criticality  of  such  a  design.  Figures 
16  and  17  show  typical  variations  of  parameters  which  were  investigated. 
Figure  16  shows  that  a  low  sensor  resonance  frequency,  reduces 
stability.  Figure  17  verifies  the  desirability  of  a  high  value  of 

The  computer  traces  are  intended  to  bring  out  critical  points  in 
the  system  design.  It  should  also  be  noted  that  the  analog  computer 
studies  reported  here  were  made  with  a  five  second  turbine  time  con¬ 
stant.  This  is  the  smallest  time  constant  exp>ected  to  be  encountered  in 
any  of  the  ship's  service  steam  turbine  generators,  and  more  typical 
values  for  the  units  running  on  boiler  steam  supply  would  be  10  to  12 
seconds.  The  higher  time  constant  machines  will  tend  to  be  more 
stable.  Hence,  the  computer  studies  performed  above  are  based  on 
conservative  assumptions. 

REED  GOVERNOR  SYSTEM  DESIGN 

The  basic  Reed  Governor  system  using  lead- lag  stabilization  is 
shown  in  simplified  schematic  form  in  Figure  18.  The  system  described 
here  would  use  water  as  the  working  fluid  throughout^ It  is  possible, 
however,  to  use  steam  or  compressed  air  as  the  working  fluid,  although 
certain  stability  problems  will  arise.  If  the  actuator  working  fluid  must 
be  steam  or  air,  added  stability  compensation  of  the  actuator  is  needed. 
One  compromise  approach  is  to  use  air  or  steam  up  through  the  lead- 
lag  stage.  At  this  p>oint,  it  would  be  necessary  to  add  several  buffer 
stages  of  analog  amplification  which  use  water  as  the  working  fluid  and 
would  use  the  air  or  steam  output  of  the  lead- lag  as  their  control.  The 
operation  of  a  water- operated  analog  amplifier,  using  air  as  the  con¬ 
trol  medium,  has  been  demonstrated  at  Advanced  Technology  Laborator¬ 
ies. 


The  basic  loop  will  control  the  turbine  speed  while  inside  the 
range  of  the  simple  two- reed  governor.  However,  it  is  necessary  to 
provide  override  signals  for  situations  where  the  turbine  sp>eed  falls 
outside  the  operating  range  of  the  governor.  These  override  signals 
can  also  be  generated  by  fluid  logic  elements. 

It  was  determined  that  the  entire  Reed  Governor  lead-lag  system, 
including  the  auxiliary  logic,  can  be  accomplished  using  a  total  of  16 
fluid  amplifier  elements.  Of  this  total,  9  would  be  active  elements 
where  a  separate  fluid  supply  must  be  provided,  and  7  are  passive 
elements  which  do  not  require  a  separate  fluid  supply. 

A  proportional- plus- reset  approach  requires  four  more  active 
elements  than  the  lead-lag  system.  As  a  result,  the  lead- lag  system 
is  slightly  more  attractive  from  the  standpoint  of  system  simplicity. 
However,  the  proportional- plus- reset  system  offers  greater  flexibility 
in  that  the  lead  and  lag  frequencies  can  be  adjusted  separately. 
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esponse  to  100%  Step  Load  Change  -  All -Analog 
ontrol  with  Low  Sensor  Resonance  Frequency 
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Figure  17  Response  to  100%  Step  Load  Change  - 

All -Analog  Control  with  High  UL  Frequency 
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Applications  of  Pure  Fluid  Techniques  to  a  Speed  Control 


by 

J .  R.  Colston 
E .  M .  Dexter 


Pure  fluid  controls  are  attractive  as  speed  controls  because  they  reduce 
mechanical  complexity  which  reduces  cost  and  improves  reliability.  These 
controls  can  use  the  fluids  which  already  are  available  in  the  system.  This 
paper  is  concerned  with  an  application  for  the  Office  of  Naval  Research  where 
the  objective  is  a  500  KW  power  plant  using  the  .'team  for  the  control  and  for 
bearings;  thus  eliminating  the  need  for  electromechanical  devices  and  a  second 
fluid  completely. 

The  result  of  the  survey  of  possible  approaches  to  speed  control  using 
pure  fluid  circuits  concluded  with  the  system  shown  in  Figure  3  which  is  a 
frequency  modulation  technique.  The  frequency  difference  between  signals 
generated  by  the  turbine  shaft  and  the  frequency  reference,  which  is  a  tuning 
fork,  is  used  to  drive  two  parallel  fluid  resonant  circuits  which  are  part  of  the 
discriminator  circuit.  The  error  frequency  is  designed  to  be  40  cycles  per 
second  at  the  desired  turbine  speed.  This  40  cycle  per  second  pressure  pulse 
train  drives  the  parallel  resonances  which  are  tuned  for  30  cycles  per  second 
and  60  cycles  per  second  respjectively .  A  change  of  the  turbine  speed  either 
increases  or  decreases  the  error  frequency,  changing  the  amplitude  in  the 
resonant  circuits,  to  distinguish  in  which  direction  the  change  has  occurred. 

For  example ,  if  the  turbine  speed  increases  so  that  the  output  frequency  from 
the  speed  detector  is  810  cycles  per  second  the  error  frequency  is  reduced  to 
30  cycles  per  second.  This  results  in  an  increase  in  output  from  the  30  cycle 
resonant  circuit  and  a  decrease  in  output  from  the  60  cycle  resonant  circuit. 

This  change  of  amplitude  results  in  a  correction  signal  to  decrease  the  size  of 
the  valve  op>ening  which  supplies  fluid  to  the  turbine. 

Because  of  the  dynamics  of  this  system,  a  double  integration,  a 
stabilizing  network  is  required.  This  is  a  lead-lag  network. 

The  fourth  major  block  in  Figure  3  is  the  pres  sure -to -flow  amplifier.  This 
device  produces  an  output  flow  which  is  proportional  to  the  pressure  error  signal. 
The  objecti^'e  of  this  component  is  to  provide  a  valve  actuator  velocity  which 
is  proportional  to  the  pressure  error  signal. 

The  breadboard  model  of  this  system,  which  was  tested  with  air,  is 
shown  in  Figure  2 .  The  size  of  the  controls  and  actuator  are  compatible  with 
the  500  KW  plant  application.  The  alternator  turbine  has  been  scaled  down 
holding  constant  torque  inertia  damping  ratios  so  that  the  dynamic  performance 
is  the  same  as  the  planned  application. 
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The  following  sections  of  the  paper  include  a  survey  of  system  approaches 
to  this  problem,  a  description  of  each  component  of  the  feasibility  model,  and 
the  results  of  tests  which  showed  that  the  specification  of  1/2%  speed  control 
for  a  10%  load  change  could  readily  be  met. 
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SYSTEM  SURVEY 


The  five  types  of  basic  speed  control  systems  are  shown  in 
Fig.  1 .  Any  Oi.  these  types  can  be  executed  with  pure  fluid  means. 

The  pertinent  features  of  these  controls  arc  the  type  of  reference 
signal,  the  error-sensing  technique  and  the  actuator  type. 

The  three  basic  types  of  reference  signal  are  time  reference, 
frequency  reference,  and  inertia  reference.  The  error  detectors  sense 
frequency  error,  phase  error  or  force  error.  In  the  phase  sensor  the 
reference  signal  phase  angle  is  compared  with  the  phase  of  the  shaft 
signal.  The  frequency  sensor  on  the  other  hand  primarily  recognizes 
differences  in  intervals  of  cycle  time  between  the  shaft  signals  and 
speed  reference  signals.  The  use  of  the  phase  sensor  infers  that  the 
objective  of  the  control  system  is  to  hold  the  shaft  speed  and  fre¬ 
quency  reference  locked  in  synchronism  at  all  times .  This  is  a 
relatively  difficult  control  function  to  perform.  The  frequency  con¬ 
trol  maintains  equal  time  Intervals. 

The  force  error  systems  are  the  well  known  flyball  system 
in  which  a  force  from  the  flyweights  is  compared  to  a  set  spring  or  weight 
force.  This  system  can  also  employ  a  comparison  between  the 
pressure  generated  by  an  impeller  and  a  pressure  reference  signal. 

The  two  types  of  actuators  shown  are  the  velocity  actuator 
and  position  actuator.  In  the  position  actuator  the  output  position 
is  proportional  to  input  signal.  This  in  general  requires  a  position 
feedback  network  or,  as  normally  done,  a  feedback  linkage  system. 

The  velocity  actuator  has  an  output  velocity  which  is  about  pro¬ 
portional  to  input  signal.  This  is  a  damped  piston  which  has  a 
velocity  as  a  function  of  differential  pressure. 

The  compensation  networks  that  must  be  used  with  each 
system  are  also  shown  in  Fig.  1.  For  example,  in  type  1,  the 
open-loop  system  has  potentially  two  integration  functions.  The 
actuator  is  itself  an  integrator  as  its  output  position  is  proportional 
to  the  time  integral  of  input  signal.  In  addition  the  speed  of  the 
turbine  shaft  is  an  integral  of  valve  position  change.  These  two 
open-loop  components  produce  a  potentially  unstable  system  which 
may  be  compensated  by  a  lead-lag  in  order  to  increase  the  phase 
margin  at  crossover.  There  may  also  be  external  compensation  or 
"Anticipation"  signals.  These  in  general  require  additional  sensors, 
so  were  not  included  in  the  system  choice. 


407 


I 

Type  /  i 


(j) 


Type  2 


U)- 


T/PE  3 

6J 


Type 


cj- 


TrPE5 


Sh^^f7 

SPEED 


Time  refI 

i 


FREQ 

f 

FREQUENCY 

TRANS* 

SENSOR 

Itime  kef  I 


|frcq  reH 


Jfreq 

PHASE 

1 

LEAD 

Ttrams 

SENSOR 

1 

L  AQ 

I  I 


ANTlcrPATIO*^ 


(iNgHWWt 


I  I 


Nrce  - f 


|<WETyrtA>»1 


I  I 


jpOWCl  WIFH 


AMTlClfyVriOM 


FREQ 

*P 

FRE  QUEFCV 

1 

LA(i 

T  J  ' 

r' — 't  1 

position 

TRANS 

SENSOR 

r 

I 

LEAD 

1 - u  1 

anticipation 

ACTUATOR 

I 

J. 


ANTiCIWlON 


LtAl.> 

1 

1 

LACi 

1 

I  I 


FORCE 

1  r  ^  “S 

LEAD 

1 

VELOCITY 

SENSOR 

1 

I  1 - 1 

UnticifaTion 

LA0| 

1 

actuator 

..  1 

FORCE 

1 

LAa 

POSITION 

u*  1 

SENSOR 

1 

LEAD 

1  1 

1  * 

ACTUATOR 

1 


VELO>  ir , 


POSiTior^ 

ACTliAlOW 


ERROR  SENIOR  COhAPENSATlON  VALVE  ACTUATOR 


fi/MS/C  SPEED  CONTROL  SYSTEMS 

408 


Speed  Reference  Signal  Generator 

A  survey  of  reference  signal  generators  that  are  compatible 
with  the  system  requirement  of  l/2%  accuracy  indicates  that  the 
tuning  fork  is  most  desirable.  A  mechanical  force  generator  such 
as  a  flyweight  system  is  ruled  out  because  of  the  mechanical 
complexity.  The  use  of  a  condensate  pump  to  produce  a  pressure 
as  a  function  of  speed  is  unsatisfactory  because  of  the  variation 
in  fluid  density  over  the  range  of  temperatures.  Fluid  elements 
such  as  a  fluid  oscillator,  time  delay  or  time  constant  are  also 
affected  by  the  temperature  change.  At  the  temperatures  of  the 
operating  system  a  50  degree  Fahrenheit  change  of  temperature 
will  produce  a  1.84%  time  reference  change  based  upon  variations 
in  sonic  velocity  with  temperature.  A  tuning  fork  without  special 
compensation  for  temperature  has  a  potential  frequency  change  of 
.05%  over  the  50  degree  Fahrenheit  change  anticipated.  Since 
this  is  one  tenth  the  allowable  system  error  it  is  a  usable  reference 
frequency. 

Time  reference  generated  from  both  sonic  delay  lines  or 
from  inductance-capacitance  circuits  are  affected  by  the  changes 
of  sound  velocity  with  temperature.  Sound  velocity  is  proportional 
to  the  square  root  of  absolute  temperature.  A  change  of  50  degrees 
Fahrenheit  at  900  degrees  Fahrenheit  produces  a  percentage  change 
of  absolute  temperature  of  3.68%.  The  sound  velocity  variation  is 
1.84%.  Calculations  to  substantiate  these  conclusions  are  given 
in  Appendix  A. 

The  resonant  frequency  of  the  tuning  fork  is  the  square 
root  of  spring  constant  divided  by  mass.  Assuming  a  constant 
modulus  of  elasticity,  the  change  in  spring  constant  is  inversely 
proportional  to  the  cube  of  length.  As  length  increases  with 
temperature  the  natural  frequency  will  vary  inversely  with  the 
3/2  power  of  temperature.  There  are  materials  available  which 
are  called  constant  modulus  alloys  which  utilize  both  the  change 
in  pize  and  variation  of  modulus  with  temperature  to  produce 
tuning  forks  which  actually  maintain  constant  resonant  frequency 
over  a  wide  temperature  range.  The  calculation  of  change  in 
frequency  from  the  change  in  length  with  temperature  is  given 
in  Appendix  A. 
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Error  Detector 


A  most  significant  concept  is  the  technique  for  establishing 
a  near  absolute  reference  at  the  desired  speed  level.  For  example, 
in  analog  systems  the  speed  signal  is  normally  proportional  to  the 
speed.  At  zero  speed  the  output  is  zero  and  at  maximum  speed  a 
maximum  signal  is  obtained.  As  a  result,  there  is  a  very  small 
percentage  change  in  speed  signal  over  the  speed  range  desired. 

By  establishing  a  speed  reference  at  or  near  the  desired  speed  the 
magnitude  of  the  output  signal  sensitivity  for  a  speed  error  is 
increased. 

As  a  result,  the  recalibration  of  the  signal  with  temperature 
is  minimized.  A  change  in  temperature  only  affects  the  speed  error 
signal  which  is  a  small  percentage  of  the  absolute  speed.  It  is 
assumed  that  the  tuning  fork  frequency  can  be  compensated  for 
temperature  changes  by  the  selection  of  appropriate  materials. 


Actuator 

The  velocity  actuator  is  a  desirable  component  because  it 
reduces  the  complexity  of  the  mechcnical  system.  Secondly,  its 
design  is  compatible  with  the  system  design  objectives;  an  actuator 
that  does  not  require  very  close  tolerances  and  can  be  designed 
with  reliable  metal  piston  ring  seals.  Some  consideration  was 
given  to  the  use  of  a  pure  fluid  steam  valve.  The  necessity  for 
the  high  efficiency  in  this  system  precludes  its  use. 


Conclusion 

As  a  result  of  this  survey  the  development  of  the  control 
system  was  directed  toward  the  use  of  a  velocity  actuated  steam 
valve  and  a  tuning  fork  time  reference  in  a  frequency  sensitive 
control.  This  is  type  1  in  Fig.  1. 
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FEASIBILn  /  MODEL 


Figure  2  is  a  photograph  of  the  feasibility  model,  and  Fig.  3 
is  a  schematic.  It  consists  of  a  scaled  turbine  generator,  piston- 
operated  valve  and  constant  speed  control  system.  The  control 
system  is  composed  of  the  speed  error  detector,  which  measures 
the  difference  between  the  shaft  speed  and  the  frequency  of  a  tuning 
fork,  the  control  circuit  plate  and  associated  passive  networks.  The 
control  system  has  only  one  moving  part,  the  tuning  fork  time 
reference.  Air  was  selected  as  the  working  fluid  for  this  model  to 
simplify  construction  on  the  basis  of  tests  which  confirmed  that 
there  were  no  significant  differences  in  the  operation  of  fluid 
amplifiers  using  air  or  steam  as  long  as  the  steam  was  dry.  Sample 
results  of  these  tests  are  presented  in  Appendix  B. 

cpoed  error  Hetector  measures  the  frequency  difference 
between  pulses  from  the  rotating  shaft  and  from  the  tuning  fork. 

The  output  beat  frequency  drives  two  parallel  resonant  circuits 
which  are  adjusted  for  resonance  above  and  below  the  desired 
forty  cycle  per  second  beat  frequency.  When  the  shaft  spued  is 
at  the  desired  12,000  rpm,  the  beat  frequency  is  40  cycles  per 
second  and  the  outputs  from  the  two  parallel  resonant  circuits  are 
equal.  When  the  speed  exceeds  the  desired  value,  the  output  from 
one  resonant  circuit  increases  and  the  other  decreases  producing 
a  corrective  control  signal.  Appropriate  lead-lag  networks  are 
included  in  the  control  to  provide  stability. 

It  should  be  pointed  out  that  the  turbine  generator  shaft 
assembly  has  been  scaled  to  provide  a  time  constant  equivalent 
to  that  of  the  full-scale  model.  In  addition,  the  size  of  the 
breadboard  components  including  the  actuator  is  compatible  with 
the  full-scale  model.  (In  such  a  full-scale  model  the  tanks  and 
interconnections  would  be  incorporated  in  a  common  manifold 
rather  than  being  composed  of  many  Individual  tubes).  As  a 
result,  the  control  system  has  the  same  dynamic  performance 
v^s  would  be  required  by  a  full-scale  assembly.  A  detailed 
description  of  the  speed  error  detector  and  control  circuitry  is 
given  below. 
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Fine  Speed  Control  SysTEM,  Schematic 


Speed  Error  Detector 


As  shown  in  Fig.  3,  the  signal  from  the  turbine  shaft  is  a 
Jet  interrupted  at  four  cycles  per  revolution  which  produces  a  nominal 
frequency  of  800  cycles  per  second.  This  Jet  is  directed  toward 
receiver  1  of  Fig.  4  which  produces  a  control  signal  in  the  amplifier 
at  2.  The  supply  pressure,  P+,  for  the  first  amplifier  in  Fig.  4  pro¬ 
duces  a  pressure  in  volume  3  which  exhausts  in  a  Jet  from  4  to  the 
tuning  fork.  The  function  of  this  Jet  is  to  both  excite  and,  by  the 
mechanical  construction  of  this  Jet  nozzle,  to  damp  the  motion  of 
the  tuning  fork.  Its  oscillation  in  turn  produces  a  fluctuation  in  the 
pressure  at  3,  at  nominally  840  cycles  per  second,  the  resonant 
frequency  of  the  tuning  fork.  The  signals  at  2  and  3  are  subtracted 
in  the  first  amplifier,  amplified  and  rectified  at  5  producing  the 
signal  shown  at  the  bottom  of  Fig.  4.  The  output  is  filtered  for 
high  frequencies,  to  some  extent,  by  the  volumes  and  resistances 
of  the  lines  and  pure  fluid  elements.  The  resulting  frequency  is  a 
sensitive  measure  of  the  speed. 


Discriminator,  Parallel  Resonant  Circuits 

The  output  signal  5  is  used  to  drive  the  parallel  resonant 
circuits  as  shown  in  Fig.  5.  The  input  signal  5  drives  amplifiers 
6  and  7.  The  output  circuits  of  the  two  amplifiers  are  tuned 
respectively  for  60  and  30  cycles  per  second,  as  shown,  by  a 
combination  of  an  inductive  line  and  volumes.  The  volumes  are 
connected  at  8  and  9  external  to  the  circuit  plate.  Due  to  the 
adjustments  of  the  resonant  circuits  the  amplitudes  at  40  cycles 
per  second  at  locations  8  and  9  are  identical.  However,  if  the 
frequency  drops  below  40  cycles  per  second  the  amplitude  of  the 
signal  at  8  is  greater  than  that  at  9.  The  signals  at  8  and  9  are 
subsequently  amplified  and  rectified  producing  a  DC  output  at 
10  and  11  which  reflects  the  frequency  error  from  40  cycles  per 
second.  For  example,  in  the  diagram  of  Fig.  5  the  output 
amplitude  curves  as  a  function  of  frequency  are  shown  for  the 
GO  and  30  cycle  per  second  resonant  networks.  The  output 
amplitudes  for  the  condition  described  above  are  shown.  Note 
that  iot  frequencies  less  than  40  cycles  per  second  the  output 
amplitude  from  the  30  cycle  per  second  netwexk  is  always  greater 
than  from  the  60  cycle  per  second  network  and  above  40  cycles 
per  second  the  reverse  is  true. 

These  signals  are  subsequently  subtracted  resulting  in  the 
output  curve  shown  dotted  in  Fig.  5. 
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Lead-Lag  StaMlizing  Network 

The  lead-lag  stabilizing  network  is  shown  in  Fig.  6. 
Signals  10  and  11,  which  are  subtracting,  produce  the  input 
/iPl.  The  output  from  this  circuit  is  ^P3  and  has  a  gain  and 
phase  effect  as  shown  in  the  curve  of  Fig.  6.  A  stability  analysis 
and  calculations  for  the  development  of  the  lead-lag  network  are 
given  later. 

The  network  shown  is  a  negative  feedback  circuit.  The 
output  ^  P2  is  fed  back  to  the  input  of  the  first  amplifier  through 
the  resistances  12  and  13  and  capacitive  tanks  14  and  15  which 
are  external  to  the  circuit.  The  time  constant  of  this  resistive 
capacitive  network  is  adjusted  so  that  at  frequencies  less  than 
one  radian  per  second  the  output  ^P2  serves  to  oppose  the  input 
signal ^Px.  At  higher  frequencies  the  feedback  circuit  is  not 
effective  and  the  output  gain,  the  ratio  of^P2  to^Pl,  is  the 
forward  gain  of  the  three  amplifiers.  The  result  is  a  reduced 
gain  at  frequencies  less  than  one  radian  per  second  and  full  gain 
at  frequencies  above  eleven  radians  per  second.  This  output^P2 
is  subsequently  amplified  which  produces  the  signal  4P3. 


Pressure-Flow  Amplifier 

The  pressure-flow  amplifier  is  shown  in  Fig.  7.  This 
amplifier  is  designed  to  produce  an  output  flow  which  is  pro¬ 
portional  to  the  control  signal  4  P3*  As  a  result,  since  the 
mechanical  load  on  the  actuator  is  small,  compared  to  maximum 
pressure  force,  the  velocity  of  the  actuator  is  proportional  to 
4P3.  This  function  is  accomplished  by  producing  an  output  of 
the  amplifier,  4P4,  which  is  the  square  of  4P3.  The  receivers 
of  the  amplifier  are  separated  more  than  the  normal  amount  so 
that  the  received  pressure  is  a  nonlinear  portion  of  the  jet 
velocity  profile.  This  produces  the  desired  square  effect. 
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Stability  Analysis 


The  open  loop  performance  of  the  system  is  given  in  Fig.  8. 

It  includes  the  performance  of  each  component  and  the  resulting  open 
loop  frequency  response  of  the  system. 

The  crossover  slope  or  phase  margin  is  set  by  the  lead-lag 
network.  The  calculations  for  this  network  are  given  in  Appendix  C. 

It  should  be  noted  here  that  the  turbine  generator  shaft  torque, 
inertia,  and  speed  ratios  in  the  model  unit  are  scaled  in  such  a  manner 
as  to  provide  the  same  time  constant  as  in  the  intended  application. 
The  equation  below  shows  that  units  which  have  the  same  ratio  of 
speed  error  change  to  power  change  have  the  same  values  of  the  ratio: 
rated  speed  squared,  inertia  to  power.  As  a  result,  the  model  unit  has 
the  same  relationship  of  per  cent  speed  error  to  per  cent  power  change 
as  in  the  intended  application. 

Np%  Nr^I 

T  =  Constant  =  Pe^  P 
c 

N  =  Speed  Error 
e 

=  Power  Change 
=  Rated  Speed 
I  *  Inertia 
P  =  Power,  Rated 

The  expected  transient  response  from  the  open  loop  charac¬ 
teristic  is  given  below  for  a  10%  load  change. 


.5+ 


jAllowable  speed  change  for  10%  change  in  rated  load 
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Test  Results 


The  transient  performance  of  the  speed  control  was  measured 
for  speed  error  with  a  step  load  change.  The  results  for  a  step  change, 
both  increasing  and  decreasing  load,  are  given  below. 

The  speed  error  was  measured  at  the  output  of  the  descriminator 
circuit.  This  frequency,  nominally  40  cps,  changes  proportionally  with 
speed  error.  The  pulses  were  recorded  using  a  strain  gage  pressure 
transducer  and  a  Massa  recorder.  The  Instantaneous  speed  error  was 
measured  by  the  period  change  of  the  output  trace. 

The  test  results  below  are  for  a  -  20%  load  change  from*a  power 
level  of  45%.  In  neither  case  did  the  speed  error  exceed  0.5%.  The 
time  to  return  to  0.1%  speed  error  is  about  4.5  seconds.  For  a  -  10% 
load  change  the  speed  error  does  not  exceed  0.3%  and  the  time  to 
return  to  .  1%  error  is  about  2  seconds.  This  agrees  reasonably  well 
with  the  expected  performance.  Limited  tests  have  shown  that  the 
response  time  is  reduced  when  system  gain  is  set  at  a  larger  value. 
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APPENDIX  B 


Comparison  of  Analog  Valve  Performance  on  Steam  and  Air 

Steam  and  air  tests  were  made  on  an  analog  amplifier  with  a 
supply  pressure  of  4.5  psig.  A  series  of  gain  tests  were  made  with 
steam  over  a  range  of  control  pressure  levels  which  indicated  that  a 
control  level  of  0.54  psi  produced  the  best  gain.  The  gain  obtained 
was  2 . 0.  Room  temperature  air  tests  at  this  same  control  level  pro¬ 
duced  a  gain  of  2.2.  These  tests  indicate  that  there  is  no  significant 
differences  between  operation  with  steam  and  air.  The  tests  did  show 
that  moisture  in  the  steam  produces  marked  disturbances  as  water  tends 
to  come  through  the  power  nozzle  in  slugs .  Operation  on  steam  will 
require  that  the  steam  be  to  some  degree  superheated  and  that  the 
unit  be  kept  above  the  saturation  temperature . 


Tests 


The  unit  was  supplied  from  a  saturated  steam  line  at  112  psig 
and  dropped  to  4.5  psig  at  280  r.  This  indicates  a  superheat  con¬ 
dition,  but  water  droplet  accumulation  did  occur  in  the  unit.  Some 
attempt  was  made  to  reduce  this  effect  by  lagging.  This  was  only 
partially  effective.  The  output  orifices  occasionally  passed  solid 
water  through  the  load  orifice  with  resulting  momentary  increase  in 
outlet  pressures. 

The  test  Lchematic  is  shown  in  Fig.  1.  The  supply  pressure 
was  maintained  at  4.5  psig.  The  left  control  was  held  at  0.279, 
0.537,  and  0.868  psi  for  each  test  respectively  on  steam.  The  air 
test  was  made  with  the  left  control  at  0.54  psig.  For  each  test  the 
right  control  pressure  was  varied  from  0.0  to  about  1  psig. 
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Fig.  2 
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Analog  Amplifier 
Steam  Air  Tests 
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A  Pure  Fluid  Hydr<rfoll  Control  System 


by 

Romald  £ .  Bowles 
Edwin  U .  Sowers  III 

Introduction 

There  is  at  present  a  rapidly  growing  interest  in  Hydrofoil  Boats . 

There  has  existed  a  gap  in  the  modes  of  transportation  over  bodies  of  water. 
Transportation  by  the  conventional  type  of  ship  is  relatively  inexpensive  but 
slow.  If  time  is  of  sufficient  importance,  flying,  though  much  more  expensive, 
becomes  Justifiable.  The  hydrofoil  appears  to  fit  into  the  space  between  these 
two  means . 

The  hydrofoil  craft  "flies"  on  foils,  in  many  cases  similar  to  airfoils. 

At  cruising  speeds  the  hull  is  lifted  out  of  the  water,  with  only  the  foils  and 
supporting  struts  contributing  drag  forces .  The  speed  barrier  encountered  in 
conventional  craft  due  to  hull  friction  forces  and  energy  losses  in  large 
gravity  waves  is  thus  overcome . 

The  greater  speeds  and  improved  maneuverability  of  hydrofoil  craft 
offer  great  possibilities  militarily,  such  as  in  high  speed  attack  and  landing 
craft .  There  are  already  many  hydrofoil  boats  in  commercial  use ,  primarily 
in  passenger  ferry  service  on  inland  waterways .  In  the  majority  of  cases 
these  commercial  craft  are  supported  by  surface  piercing  foils  which,  over 
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a  range ,  are  Inherently  stable  and  require  a  minimum  of  external  control . 
Looking  from  the  front  of  the  craft,  the  foils  appear  as  a  large  V  with  only 
the  lower  portion  submerged  at  cruise  speed.  As  the  craft  starts  to  settle  into 
the  water  more  foil  surface  is  submerged  and  lift  is  increased;  if  the  ship 
starts  to  rise  out  of  the  water  lift  decreases .  Thus ,  the  foils  tend  to  follow 
the  water  surface  in  a  manner  roughly  similar  to  water  skis .  Although  stable 
under  relatively  smooth  conditions ,  under  more  adverse  conditions  the  ride 
becomes  unacceptably  rough  and  can  become  unstable . 

The  largest  percentage  of  current  development  is  directed  towards 
submerged  foil  systems  where  the  supporting  foils  are  wholly  submerged 
and  truly  "fly"  in  the  manner  of  airfoils.  By  means  of  a  control  system  some¬ 
what  similar  to  that  of  an  airplane  the  lift  forces  exerted  by  the  supporting 
foils  may  be  regulated  to  more  nearly  sustain  level  flight  through  rough  seas . 
Vertical  acceleration  forces  can  be  minimized  and  sea  conditions  not  navigable 
by  surface  piercing  foil  systems  can  be  accommodated . 

Bowles  Engineering  Corporation  is  engaged  in  a  program  direcutd  towards 
the  development  of  pure  fluid  type  hydrofoil  control  systems .  The  work  is  being 
carried  out  under  contract  with  the  U.  S.  Navy  Bureau  of  Ships,  with  Mr.  M.  D. 
Martin,  Code  632,  responsible  for  the  technical  aspects  of  the  program. 
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A  scaled,  submerged  foil,  fluid  control  system  model  has  been  designed 
and  successfully  tested.  This  report  will  consider  the  development  and  test¬ 
ing  of  this  model.  The  design  approach  will  be  described.  It  will  be  shown 
that  the  performance  predicted  by  linearized  flow  theory  was  substantiated  by 
dynamic  testing  of  the  model  system. 

Hydrofoil  Craft  Control  System 

The  hydrofoil  craft  control  system  is  required  to  control  craft  vertical 
position .  In  controlling  vertical  position  two  requirements  exist  which  are 
not  under  all  conditions  compatible .  It  is  desired  that  vertical  acceleration 
forces  be  minimized,  approaching  the  condition  of  the  craft  moving  along 
in  a  fixed  plane  independent  of  wave  motion.  This  condition  cannot  be 
satisfied  under  all  conditions  however,  such  as  when  waves  become  of 
sufficient  height  as  to  slap  against  the  hull  bottom  or  cause  the  supporting 
foils  to  broach.  Thus  vertical  position  must  be  controlled  taking  into 
account  both  height  above  water  surface  and  vertical  acceleration. 

In  addition  to  height,  pitch  and  roll,  as  well  as  pitch  and  roll  rates 
must  be  controlled.  The  system  must  facilitate  take  off  and  landing  and 
permit  coordinated  banked  turns . 
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Since  the  hydrofoil  craft  is  supported  completely  by  foils,  the 
problem  reduces  to  control  of  the  instantaneous  lift  force  exerted  by  the 
various  foils  so  as  to  meet  the  above  requirements. 

Control  System  Considered  bv  EEC 

In  this  phase  of  the  program  we  were  concerned  primarily  with  a 
system  for  controlling  the  lift  forces  of  a  single  foil.  Having  accomplished 
this  goal  a  number  of  foils  '-an  then  be  coordinated  into  an  overall  craft 
control  system. 

The  first  approach,  with  which  this  paper  deals,  was  to  position  the 
hydrofoil  about  a  pivot  axis  to  control  foil  lift  forces .  In  subsequent  work 
other  means  of  lift  control,  such  as  jet  flaps,  are  being  investigated. 

Specifically  the  function  of  the  fluid  control  system  is  to  maintain 
a  constant  lift  force  in  the  presence  of  waves .  It  is  desired  that  the 
instantaneous  relationship  of  foil  angle  to  flow  angle  be  controlled  so  as 
to  minimize  deviations  from  a  constant  lift  value. 

A  schematic  of  the  first  control  system  is  shown  in  Figure  1,  a 
closed  loop  system  including: 

(1)  a  means  of  measuring  deviations  of  lift, 
as  indicated  by  the  product  of  dynamic 
pressure  and  relative  angle  of  attack,  from 
the  desired  value. 
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(2)  a  means  of  amplifying  this  error  signal, 

(3)  a  means  of  actuating  the  foil, 

(4)  a  means  of  providing  position  feedback . 

Advantages  of  a  closed  loop  servo  system  are  the  elimination  of 
unduly  rigid  linearity  requirements  and  highly  accurate  calibration,  along 
with  improved  reliability. 

The  foil  was  mounted  such  that  it  could  pivot  about  an  axis  nearly 
1/4  chord  from  the  leading  edge.  A  foil  type  lift  sensor,  developed  by 
Bowles  Engineering  Corporation,  was  incorporated  into  the  leading  edge 
of  this  foil.  The  signal  output  obtained  from  this  sensor  being  proportional 
to  the  product  of  the  angle  of  attack, ,  and  dynamic  pressure,  ipVT 
is  proportional  to  foil  lift  within  the  necessary  range  of  parameters.  Any 
error  in  lift  was  amplified  and  fed  into  a  piston  type  actuator.  By  means  of 
an  actuating  strut  connected  to  the  foil  a  corrective  rotation  of  the  foil  was 
achieved.  As  the  sensor  was  mounted  in  the  foil  the  resulting  lift  correction 
was  directly  fed  back  to  the  system  by  the  sensor. 

Figure  8  shows  the  hydrofoil  test  model  with  the  foil  supported  by 
two  vertical  struts.  Figure  10  shows  the  hydrofoil  model  mounted  in  a 
water  tunnel  during  testing.  Waves  were  generated  by  an  oscillating  foil 
upstream  from  the  hydrofoil.  Lift  forces  generated  by  the  foil  due  to  the 
generated  waves  were  measured  with  the  control  system  operating  and  with 
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the  foil  locked.  It  was  found  that  variations  in  lift  force  were  greatly 


reduced  with  the  control  system  in  operation. 

All  of  the  involved  control  functions  were  accomplished  by  means 
of  pure  fluid  elements,  using  air  as  the  operating  medium. 

Lift  Sensor 

In  looking  at  the  various  parts  of  the  system  the  lift  sensor  will  be 

considered  first.  The  foil  type  lift  sensor  makes  use  of  the  variation  in 

1 

pressure  distribution  on  the  surface  of  a  foil  with  angle  of  attack.  Figure  2 
shows  the  basic  lift  sensor. 

If  the  pressure  at  two  properly  located  points  on  the  surface  of  a 
foil,  on  opposite  sides  of  the  centerline,  are  monitored,  and  the  difference 
between  these  pressures  sensed,  this  difference  is  proportional  to  angle  of 
attack  and  lift  under  steady  state  conditions .  Holes  intersecting  the  foil 
surface  connect  to  chambers  within  the  foil.  Steady  state  water  channel 
tests  showed  AP  to  be  linear  with  respect  to  angle  of  attack  to  nearly 

V. 


As  mentioned  earlier,  the  control  system  was  to  be  completely 
pneumatic .  Thus  ,  an  interface  was  required  between  the  water  external  to 
the  foil  and  the  first  pneumatic  logic  element. 
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The  sensor  system  devised  to  meet  this  requirement  is  shown  in 


Figure  3.  A  flow  to  pressure  converter  was  added  to  the  sensor  foil.  From 
a  constant  pressure  supply,  P+,  air  was  passed  through  pressure  dropping 
orifices  to  chambers  within  the  sensor,  exiting  from  a  series  of  holes  in 
the  sensor  leading  edge. 

The  hole  exit  pressure  being  a  function  of  angle  of  attack,  flow  then 
through  the  sensor  holes  was  likewise  dependent  upon  angle  of  attack.  For 
an  angle  of  attack  other  than  zero  the  flow  through  the  series  of  holes  in  the 
upper  and  lower  surfaces  differed,  thus  producing  differing  pressure  drops 
across  the  two  orifices.  The  pressure  difference  taken  across  the  down¬ 
stream  sides  of  the  two  dropping  orifices  was  proportional  to  angle  of 
attack . 


Figure  4  shows  a  plot  of  non-dimensional  pressure  difference  as  a 
function  of  angle  of  attack  in  degrees.  Linearity  was  fairly  good  over  a  range 
of  12°.  The  curve  not  passing  through  the  origin  was  due  to  a  bias  in  angle 
measurement.  Figure  4  also  shows  gain  to  be  nearly  independent  of  supply 
pressure . 

This  sensor  system  then,  at  least  under  steady  state  conditions, 
satisfied  two  most  important  requirements.  It  provided  a  pressure  signal 
proportional  to  angle  of  attack  or  hydrofoil  lift,  and  a  hydraulic/pneumatic 


interface . 
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Dynamic  tests  were  made  on  the  sensor  system  to  obtain  the  dynamic 
characteristics  necessary  for  design  of  the  control  system.  The  sensor  foil 
was  oscillated  about  a  number  of  different  pivot  locations  while  submerged 
in  a  constant  velocity  flow  of  water.  From  the  dynamic  test  data  frequency 
response  was  determined.  Bode  plots  were  made  showing  amplitude 
attenuation  and  phase  shift  with  respect  to  angle  of  attack  as  a  function 
of  frequency.  From  these  Bode  plots  the  transfer  function  for  the  sensor 
system  was  derived. 

Foil  Actuating  Characteristics 

2 

A  theoretical  determination  was  carried  out  by  Hydronautics ,  Inc. 
to  determine  the  required  foil  actuating  forces.  The  moment  required  to 
sinusoidally  oscillate  the  foil  was  determined  in  terms  of  amplitude  and 
phase  as  a  function  of  frequency.  Requirements  were  determined  for  a 
number  of  pivot  axis  locations. 

Based  on  this  information  the  pivot  axis  was  located  at  nearly 
1/4  chord  downstream  from  the  leading  edge .  Locating  the  pivot  axis 
further  than  1/4  chord  from  the  leading  edge  would  introduce  foil  instability, 
externally  applied  moments  being  in  phase  with  rotation.  Locating  the  pivot 
point  further  forward  would  require  a  higher  actuating  moment  at  higher 
oscillation  frequencies . 
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System  Design 


Design  of  the  control  system  was  earned  out  using  standard  techniques. 
The  system  was  analyzed  by  means’  of  Bode  plots  obtained  from  transfer 
functions  of  the  various  parts  of  the  system.  Transfer  functions  for  the 
pneumatic  system  components  were  derived  using  linearized  pressure  flow 
theory.  Sonic  time  delays  within  the  system  were  included  in  the  system 
analysis . 

Figure  5  shows  a  block  diagram  of  the  complete  system.  For  the  initial 
tests  the  system  was  set  to  maintain  a  zero  lift  condition,  any  deviation  from 
zero  being  considered  an  error.  A  reference  other  than  zero  can  be  called 
for  by  the  addition  of  a  bias  to  the  system. 

The  error  signal  output  of  the  sensor  system,  a  function  of  the  product 
of  dynamic  pressure  and  foil  relative  angle  of  attack,  was  amplified  in  a 
computer  circuit  and  fed  into  a  power  amplifier.  Output  of  the  power  amplifier 
directed  into  a  piston  actuator  produced  a  corrective  rotation  of  the  foil, 
readjusting  the  lift  amplitude  and  causing  a  new  signal  to  be  fed  directly 
back  to  the  sensor,  due  to  mounting  of  the  sensor  in  the  foil  itself. 

Figure  6  shows  the  system  in  more  detail.  Actual  silhouettes  of  the 
elements  used  are  shown,  though  not  in  actual  relative  size  in  all  cases. 

All  of  the  elements  used  except  for  the  power  amplifier  were  standard  Bowles 
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Engineering  Corporation  analog  elements.  The  elements  shown  in  black 
silhouette  were  fabricated  by  our  Optiform  process . 

The  output  from  the  sensor  system,  not  shown,  wcs  fed  into  a  buffer 
amplifier,  whose  function  was  to  maintain  known  sensor  performance  independ¬ 
ent  of  adjustments  to  the  remainder  of  the  system.  The  buffer  amplifier  was 
followed  by  a  5  stage  analog  amplifier  with  pressure  gain  greater  than  the 
anticipated  requirement.  Between  the  buffer  and  5  stage  amplifier,  bleeds 
were  incorporated  to  permit  gain  and  bias  adjustment  during  testing.  A 
Colston  Ladder  type  low  pass  filter  was  included  in  the  5  stage  amplifier 
circuit  between  the  third  and  fourth  stages  for  high  frequency  noise  attenuation. 
Between  the  output  of  the  5  stage  amplifier  and  the  power  amplifier  a  pressure 
to  flow  amplifier  was  used  to  obtain  proper  impedance  matching.  Output  of 
the  power  amplifier  was  fed  to  a  piston  type  actuator  as  shown. 

Of  considerable  concern  in  designing  the  system  was  the  minimizing 
of  signal  lag  through  the  system.  An  open  loop  mathematical  analysis  of 
the  system  showed  that  when  applying  a  sinusoidally  varying  error  signal 
the  lag  in  corrective  rotation  of  the  foil  would  become  a  problem  at  fairly 
low  frequencies.  The  foil  actuating  piston,  where  flow  is  converted  into 
an  actuating  force,  inherently  contributed  a  90°  lag.  Flow  variations  passing 
through  large  volumes  with  relatively  small  entrance  and  exit  orifices  intro¬ 
duce  phase  lag ,  the  amount  of  lag  being  frequency  dependent .  Sonic  delay 
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through  the  system  can  and  must  be  interpreted  as  a  phase  lag .  To  facilitate 
the  laboratory  tests  and  modification,  it  was  required  that,  for  the  test  model, 
the  logic  elements  be  mounted  remotely  from  the  sensor  and  actuator.  As  a 
result  fairly  long  interconnecting  lines  were  dictated  thus  introducing  con¬ 
siderable  phase  lag  in  the  laboratory  model  due  to  line  capacitance  and  sonic 
delay. 

To  partially  overcome  this  phase  lag  an  RC  lead-lag  feedback  loop 
was  added  to  the  5  stage  amplifier  circuit.  It  is  shown  in  Figure  6  where  a 
signal  is  taken  out  at  the  input  to  the  fourth  stage  and  fed  back  to  the  first 
stage  input.  With  the  phase  lead  produced  by  the  feedback  loop,  stable 
operation  was  anticipated  to  sufficiently  high  frequencies .  In  an  actual 
installation  the  control  circuit  is  to  be  mounted  in  close  proximity  to  the 
sensor-actuator  subsystems,  thus  minimizing  interconnection  line  lag. 

The  above  analysis  was  carried  out  by  means  of  Bode  plots ,  having 
calculated  the  transfer  functions  for  the  various  parts  of  the  system. 

It  was  indicated  earlier  that  the  desired  function  of  the  control  system 
was  to  cause  the  foil  to  respond  to  changes  of  the  speed  and  the  angle  of  the 
flow  passing  over  the  foil.  Figure  7  shows  the  anticipated  closed  loop 
frequency  response  of  the  system.  The  upper  curve  gives  the  ratio  of  foil 
angle  peak  to  peak  amplitude  to  flow  angle  peak  to  peak  amplitude  under 
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conditions  of  constant  dynamic  pressure,  the  ratio  given  in  decibels.  Good 
amplitude  correspondence  to  7  or  8  cps  Is  predicted.  The  lower  curve  shows 
the  phase  lag  of  foil  angle  with  respect  to  flow  angle  with  constant  dynamic 
pressure,  indicating  a  lag  increasing  rapidly  with  frequency. 

An  estimate  was  made  of  the  ability  of  such  a  system  to  control  lift 
variation .  It  was  found  that  a  significant  reduction  of  variations  of  foil  lift 
forces,  or  attenuation  of  vertical  acceleration  forces  ,  should  be  obtained  for 
frequencies  less  than  10  cps. 

System  Testing 

In  testing  the  model  system  it  was  desired  that  the  performance  of  the 
system  be  evaluated  under  conditions  simulating  those  encountered  by  typical 
hydrofoil  craft.  Hydrodynamic  similarity  is  prescribed  by  angle  of  Incident 
flow  and  reduced  frequency  of  encounter,  k  ,  where  K  is  a  function  of 
foil  chord,  velocity  of  water  passing  over  the  foil,  and  in  this  case  frequency 
of  the  sinusoidally  varying  flow  angle  incident  on  tl  3  foil.  A  range  of  test 
conditions  were  determined  based  on  this  criteria,  the  available  variables 
being  water  velocity,  flow  angle  peak  to  peak  amplitude  and  frequency. 

Figure  8  shows  the  hydrofoil  model.  The  three  section  pivoted  foil 
was  supported  by  two  vertical  foil  shaped  struts .  The  foil  was  of  the 
NACA  633-018  configuration  with  a  4"  chord  and  total  span  of  12".  Both 
the  foil  sections  and  the  struts  were  epoxy  castings.  Sensor  holes  were 
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located  in  the  center  foil  section  and  were  connected  through  tubes  in 
the  left  hand  strut  to  the  converter  shown  attached  to  the  upper  mounting 
plate.  The  actuating  cylinder  was  attached  to  the  mounting  plate  and 
connected  to  the  foil  by  means  of  an  aluminum  actuating  strut . 

Figure  9  shows  the  panel  mounted  computer  circuit  with  needle  valves 
and  gauges  for  regulating  and  monitoring  supply  pressures  to  the  individual 
amplifier  stages . 

Dynamic  system  tests  were  carried  out  in  the  Hydronautlcs ,  Inc. 
water  tunnel.  The  hydrofoil  model  was  mounted  to  a  support  beam  in  the 
water  tunnel.  Wave  motion  was  generated  by  a  large  oscillating  foil  mounted 
in  the  channel  upstream  from  the  location  of  the  hydrofoil  model.  Both  amplitude 

I 

and  frequency  of  the  sinusoidally  oscillating  generator  foil  were  controllable , 
thus  making  available  a  large  range  of  approximately  sinusoidal  flow  angle 
disturbances . 

Figure  10  shows  the  hydrofoil  model  and  disturbance  generator  mounted 
in  the  water  tunnel  with  water  flow  from  left  to  right. 

Tests  were  run  over  a  range  of  predetermined  conditions.  Actual 
lift  forces  generated  were  sensed  by  means  of  reluctance  type  force  transducers 
and  recorded  in  strip  chart  form  by  a  C  .E.C .  light  galvanometer  recorder.  For 
the  same  set  of  conditions  variations  in  lift  force  were  recorded  with: 
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(1)  The  control  system  in  operation. 

(2)  The  foil  locked  in  a  position  parallel  to  the 
mean  flow  velocity. 

As  a  means  of  evaluating  performance ,  the  variation  of  lift  force 
with  the  system  operating  was  compared  with  the  variation  of  lift  force  with 
the  foil  locked,  the  foil  being  subjected  to  the  same  flow  disturbance  in  each 
case . 


Figure  11  shows  the  results  of  one  test  series.  The  ratio  of  controlled 
to  uncontrolled  lift  variation  is  given  as  a  function  of  frequency  and  reduced 
frequency.  Lift  variation  was  reduced  to  35%  of  that  variation  produced  by 
a  fixed  foil. 

Along  with  the  experimentally  determined  values  a  theoretical  lift 

ratio  curve  is  given.  This  curve  was  obtained  by  means  of  existing  unsteady 
3,4 

airfoil  theory,  making  use  of  the  angle  relationships  prescribed  by  the  closed 
loop  system  response. 

Correspondence  between  the  experimentally  determined  values  and 
the  theoretical  curve  is  good.  Data  was  obtained  over  a  range  of  reduced 
frequencies  from  .05  to  .5,  a  range  covering  many  sea  conditions  encountered 
by  full  scale  craft.  The  results  obtained  from  these  tests  are  thus  most 
encouraging . 
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Conclusion 


Three  of  the  principle  results  accomplished  by  the  design  and  testing 
of  this  scaled  model  system  are  as  follows: 


1 .  This  system  is  responsive  to  the  environment  of  changing 
velocity  and  angle  of  attack  common  to  wave  motion. 

2 .  It  has  been  demonstrated  that  a  hydrofoil  lift  control  system 
of  this  type  will  be  effective  in  controlling  vertical 
acceleration  forces  on  a  hydrofoil  craft  under  actual  sea 
conditions . 

3 .  The  mathematical  model  derived  to  represent  the  system 
was  sound,  hence  the  procedure  may  be  used  with  con¬ 
fidence  in  the  design  of  future  systems. 


The  next  step, towards  which  we  are  presently  directed,  is  the  design 
of  a  complete  control  system  for  a  full-scale  hydrofoil  craft. 
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FIG.  10 
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FOIL  RIG  &  DISTURBANCE  GENERATOR 
MOUNTED  IN  WATER  TUNNEL 
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ABSTRACT 

This  report  describes  «n  effort  toward  development  of  a  hot  gas  Jet 
reaction  valve  utilizing  boundary  layer  technique  to  control  a  high  presaure, 
high  temperature  gas  stream.  The  result  of  this  program  to  date  has  been 
the  successful  design  of  a  hot  gas  valve  in  a  reaction  control  system 
utilizing  fluid-controlled  bi-stable  amplifier  principles,  requiring  no 
moving  parts  in  the  gas  stream  and  no  source  of  secondary  pressure. 

Valves  have  been  fabricated  and  successfully  tested  with  gases  at 
pressures  to  1300  psi  and  temperatures  to  2350*  F.  with  flow  rates  to 
l#/sec  cold  air. 

This  status  report  on  the  program  presents  a  summary  of  resulta  of 
experimental  design  work  completed  and  a  review  of  packaging  and  environmental 
problems  with  an  existing  missile  system. 
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INTRODUCTION: 


At  mlssllct  htve  become  more  edvenced,  the  design  engineer  has  been 
required  to  deliver  e  less  expensive,  more  reliable  system.  Size  and  weight 
restrictions  have  simultaneously  become  more  severe,  particularly  In  the 
case  of  small  missiles  whose  performance  Is  extremely  dependent  on  these  para¬ 
meters.  To  meet  these  size  and  Might  requirements,  the  use  of  solid  pro¬ 
pellant  grains  as  an  energy  source  for  the  control  system  output  force  has 
become  more  attractive.  As  gas  temperature  Is  Increased,  the  weight  of  pro¬ 
pellant  for  a  given  duty  cycle  can  be  reduced.  However,  problems  are 
encountered  with  conventional  valving  techniques  when  a  high  temperature, con¬ 
taminated  gas  Is  used.  The  exposure  of  moving  parts  to  the  hot  gas  stream 
often  results  In  erosieo,  warping  or  sticking  of  these  parts.  Fluid  amplifier 
techniques  appeared  to  be  an  attractive  method  of  controlling  hot  gases  with¬ 
out  moving  parts  In  the  gas  stream. 

PROGRAM  OBJECTIVE: 

The  objective  of  this  program  was  to  apply  fluid  amplifier  techniques  to 
a  hot  gas  reaction  control  system  for  a  particular  missile.  Since  the  appli¬ 
cation  was  specified,  the  valve  had  to  be  designed  to  the  requirements  of  the 
existing  reaction  control  system.  The  valve  package  was  to  contain  3  valves 
for  3  axis  control  (See  Figure  1) .  This  pitch  and  yaw  valve  output  force 
requirements  were  18  pounds  and  the  roll  valve  requirement  was  12  pounds.  The 
valve  package  was  to  be  capable  of  operating  with  gas  temperatures  up  to  2400** 
and  a  supply  pressure  of  from  550  to  1250  psl.  The  Input  to  the  valves  was  a 
pulse  duration  modulated  signal  with  a  25  cps  carrier  frequency. 
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EXPERIMENTAL  DEVELORfENT: 


Biftable  amplifier  techniques  based  on  early  work  at  Barry  Diamond 
Laboratories  were  used  to  design  the  first  prototype  valves.  By  modifying 
the  receiver  section,  satisfactory  operation  was  obtained  up  to  a  supply 
pressure  of  about  200  psi. 

Experimental  and  analytical  work  showed  that  with  a  supply  pressure  of 
1000  psi  and  a  sonic  nozzle,  stream  integrity  could  not  be  retcined  due  to  the 
large  pressure  difference  between  the  stream  and  ambient  conditions  into  which 
the  nozzle  was  exhausting.  Supersonic  nozzles  with  varying  expansion  ratios 
were  tested  and  stream  profiles  plotted  to  determine  the  type  of  nozzle 
required  to  retain  stream  integrity  at  the  high  pressures.  After  determining 
the  correct  nozzle  configuration,  adjustable  type  receiver  aectlons  were 
designed  to  fit  the  nozzles.  The  receiver  sections  were  built  with  provisions 
to  vary  the  setback,  wall  length,  control  port  size,  and  wall  angles.  Tests 
were  conducted  to  determine  the  optimum  receiver  section  configuration.  Dur¬ 
ing  these  tests,  it  was  discovered  that  switching  could  be  obtained  by  using 
atmospheric  air  as  a  control  fluid.  This  type  of  switching  eliminated  the 
need  to  carry  a  control  fluid  supply  aboard  the  missile,  since  switching  could 
be  obtained  by  opening  and  closing  the  control  ports.  Table  1  shows  the  results 
of  the  cold  gas  tests  with  variable  nozzle  and  receiver  parameters.  The  results 
showed  that  as  the  nozzle  exit  pressure  was  decreased,  the  range  over  which  the 
unit  would  switch  occurred  at  higher  supply  pressures. 

Attempts  were  made  to  diffuse  and  recover  pressure  to  be  expanded  through 
Jet  reaction  nozzles  to  provide  control  forces.  Two  difficulties  %fere 
encountered:  (1)  Supersonic  diffusers  were  very  inefficient  so  that  enough 
useful  pressure  could  not  be  recovered  to  produce  the  required  reaction  forces. 
(2)  The  valve  could  not  be  'sade  to  switch  into  a  back  pressure  of  more  than 
a  few  psi. 
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Since  enough  pressure  could  not  be  recovered  to  meet  the  force  require¬ 
ment,  it  appeared  that  a  possible  method  of  producing  the  control  forces  was 
to  duct  the  high  velocity  gases  through  90°  bends  to  obtain  the  proper  force 
vector.  A  velocity  of  Mach  2  was  required  to  produce  the  required  control 
force.  Figure  2  shows  a  typical  valve  configuration. 

A  variety  of  different  shaped  nozzles  were  designed  and  tested.  The 
first  nozzles  tested  were  rectangular  shaped  with  exit  plane  aspect  ratios 
of  from  1:1  to  A:l.  The  1:1  aspect  ratio  nozzles  were  short  in  length  but 
required  a  longer  receiver  section  to  operate  correctly.  The  A:1  aspect 
ratio  nozzles  were  longer  than  the  1:1  aspect  ratio  nozzles  but  could  be 
switched  into  a  shorter  receiver  section.  The  overall  length  of  the  valve 
with  different  aspect  nozzles  were  about  the  same.  Valves  with  rectangulax' 
nozzles  had  good  switching  characteristics  but  were  inefficient.  Primary 
thrust  efficiencies  were  as  low  as  70%  of  ideal  isentropic  thrust. 

Round  nozzles  were  tried  in  an  effort  to  get  more  efficient  nozzles. 
These  nozzles  were  short  in  length,  and  could  switched  into  receiver  sections 
of  approximately  the  same  length  as  the  1:1  aspect  ratio  rectangular  nozzles. 
In  addition  to  being  more  efficient,  these  nozzles  were  easier  to  fabricate. 

Since  the  valve  used  atmospheric  air  for  the  control  fluid,  some  method 
had  to  be  devised  to  open  and  close  the  control  ports  to  the  atmosphere.  The 
actuator  devised  was  an  electro-mechanical  flapper  actuator  (See  Figure  3) . 
The  pressure  forces  on  the  actuator  were  balanced  by  pistons.  This  reduced 
the  electrical  potfer  requirement. 

The  Missile  Command  (MICOH)  Valve  has  two  problem  areas  when  it  is 
packaged  for  the  Intended  missile  application: 

I.  Packaging:  The  exit  ducts  are  large  and  cannot  tolerate  more 
than  a  single  90*  turn  from  the  exit  of  the  nozzle  until  the  gas  exits  the 
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missile.  Missile  consnand  link  components  and  motor  blast  tubes  interfere 
with  the  Missile  Command  (MICOH)  Valve  package.  Modifications  to  these 
components  are  being  studied  and  it  is  believed  that  modifications  can  be 
made  which  will  allow  installation  of  the  MICOM  Valve  package  in  the  missile. 
Figure  4  shows  one  packaging  approach.  For  reference,  the  missile  diameter  is  6". 

2.  Low  Base  Pressure:  The  pressure  in  the  aft  portion  of  the 
missile,  where  the  MICOM  Valve  is  located,  can  vary  from  atmospheric 
(14.7  psia)  to  approximately  10  psia.  Since  amMent  air  pressure  is  used  as 
the  control  fluid,  the  control  flow  and  valve  performance  is  reduced.  Valves 
will  have  to  be  designed  for  acceptable  performance  over  this  range. 

In  order  to  gain  an  insight  into  the  MICOM  Valve  operating  characteristics 
at  a  .educed  ambient  pressure,  two  series  of  altitude  test  were  run.  One 
valve  with  the  following  dimensions  Is  considered  here  (See  Figure  5): 

Nozzle 

Throat  Area  »  .00518  in^ 

Area  Ratio  >  17.35 
Divergent  Angle  >  20* 

Convergent  Angle  «  60* 

Receiver  Section 

Control  Port  Area  *  .084  in* 

Setback  «  .150" 

Divergent  Angle  =  15® 

Splitter  Location  =  1.525”  from  nozzle  exit 

Exit  Ducts 

Exit  Area  »  .25  in* 


Bend  =  90® 
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TEST  PROCEDURE: 


The  test  setup  is  shovm  in  Figure  6.  The  entire  valve  assembly  was 
installed  in  a  16'  diameter  X  56*  long  vacuum  chamber.  The  electro¬ 
mechanical  actuator  was  switched  at  ^  cps.  The  vacuum  chamber  was  brought 
to  the  desired  pressure.  The  pressure  (P^)  on  the  valve  was  brought  to  the 
maximum,  then  brought  down  in  steps  of  about  100  psi. 

The  following  variables  were  recorded: 

P  Upstream  Pressure 

Pr,Pj^  Right  &  Left  Control  Port  Pressures 

F  Side  Force 

P  Pressure  Inside  the  Vacuum  Chamber 

c 

S^  Voltage  Applied  to  the  Electro-Mechanical  Actuator 


RESULTS: 

As  seen  in  Figure  7  with  a  P^  of  14.7  psia,  the  valve  had  an  operating 
pressure  range  (i.e.  greater  than  607,  relative  efficiency)  of  750  to  1750  psi. 
This  gives  a 


Pressure  Nozzle  Exit _ 

Pressure  Vacuum  Chamber 


P 

e/p  of  from  .456  to  .169 
c 


Following  the  above  reasoning: 

p 

at  a  P^  of  7.7  psia,  e/p  is  from  .474  to  .173 

p 

at  a  P  of  6.7  psia,  e/  is  from  .485  to  .173 

c  !  Pg 

p 

at  a  P  of  3.7  psia,  e  Is  from  .414  to  .143 

'  /p 

c 

P 

at  a  P  of  2.7  psia,  e/  is  from  .493  to  .307 

c 
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The  slmularlty  of  the  */p  range  at  the  various  altitudes  gives  an 

c 

Indication  that  once  the  operating  range  of  a  unit  at  one  altitude  Is  known, 
the  operating  range  at  any  other  altitude  can  be  predicted. 

TESTS  TO  DATE: 

The  MICOM  Valve  Development  Program  to  date  has  resulted  In  about  65 
hot  gas  tests.  These  tests  were  conducted  utilising  a  single  axis  thrust 
stand  (Figure  8)  whereby  the  normal  thrust  developed  by  the  valve  and  Its 
associated  ductwork  can  be  measured  directly  on  a  tension  compression  load 
cell.  The  Instrumentation  Included  pressure  transducers  and  thermocouples 
located  such  that  the  valve  Inlet  pressure  And  temperature  could  be  recorded. 

These  tests  have  demonstrated  that  the  valve  can  satisfy  the  original 
requirements  as  to  control  forces,  frequency  response,  efficiency  and  range 
of  operating  pressure  and  temperature. 

The  valves  utilized  In  these  tests  %rere  fabricated  using  standard  model 
shop  fabrication  techniques  to  produce  the  power  Jet  nozzle  from  stainless 
steel,  the  receiver  section  from  aluminum,  and  the  ductwork  from  copper  or 
stainless  steel  tubing  (both  have  proven  satisfactory).  However,  it  appears 
that  stainless  steel  tubing  has  the  advantage  because  thinner  walls  can  be 
utilized  and  thus  total  weight  can  be  reduced.  The  use  of  these  rather  low 
temperature  materials  Is  permissible  due  to  the  reduction  In  the  gas  tempera¬ 
ture  by  the  previous  expansion  of  the  gas  stream  through  the  power  Jet  nozzle. 
Thinner  walls  are  permissible  because  the  pressure  of  the  gas  has  been  reduced 
to  near  atmospheric.  It  Is  also  Interesting  to  note  that  the  use  of  thin 
walls  and  low  density  metals  has  resulted  already  In  a  weight  reduction  of 
about  23%  over  the  conventional  valve.  This  has  been  accomplished  while  using 
the  rather  Inefficient  (from  the  standpoint  of  weight  reduction)  methods  of 
fabrication  available  In  the  model  shop. 
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CONCLUSIONS: 


The  following  conclusions  were  made  from  the  hot  gas  tests  run  on 
various  valve  configurations.  These  tests  are  summarized  in  Table  II. 

1.  Nozzle  Configurations: 

Nozzles  with  nominal  area  ratios  of  from  8.6  to  13.3  were 
tested.  Normally  a  higher  supply  pressure  could  be  switched  by  increasing 
the  area  ratio. 

2.  Receiver  Section  Configuration: 

Tests  showed  that  two  receiver  section  variables  effected  the 
valve  switching  characteristics:  (1)  A  longer  receiver  section  increased 
the  high  pressure  limit  at  which  a  valve  would  switch.  (2)  Increasing 
control  port  areas  resulted  in  a  wider  switching  range. 

3.  Exit  Manifold: 

Exit  manifold  areas  were  normally  equal  to  the  areas  of  the 
exit  of  the  receiver  section.  Increasing  the  exit  manifold  areas  resulted  in 
switching  at  a  higher  supply  pressure  but  decreased  the  valve  efficiency  at 
lo%rer  supply  pressures. 

FUTURE  DEVELOPMENT: 

Future  development  will  be  directed  toward  making  the  MICOM  Valve 
compatible  with  the  missile.  Reducing  the  exit  duct  size  and  improving 
valve  operation  at  reduced  base  pressures  would  make  the  two  compatible. 

Two  approaches  are  being  taken:  (1)  A  staged  valve  approach  is  being 
aimed  at  reducing  the  exit  duct  size  and  eliminating  the  base  pressure 
problem.  (2)  Altitude  chamber  test  indicate  that  it  might  be  possible  to 
modify  the  present  one-stage  valve  to  operate  over  required  base  pressure 
range.  Both  approaches  are  related  because  the  first  stage  of  the  two  staged 
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valve  will  also  have  to  operate  at  the  reduced  base  pressure.  Test  Indicate 
that  the  larger  the  poi^r  nozzle  are*  ratio,  the  lower  the  aabient  pressure 
necessary  to  control  the  valve.  Physical  size  will  probably  deteralne  which 
final  approach  will  be  used.  The  one-stage  valve  will  probably  be  larger 
but  easier  to  produce  than  the  two-stage  unit. 
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CONTROL  FORCES  FIG.  1 
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HICOM  VALVE  ACTUaTOR 


FIGURE  3 
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Ai)JU5TAfll£  VALVE  CONFIGURATION 
FIGURE  5 
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FiaURE  6 
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■14«  Ferca  -  Facalaar  factlaa  om  Talaa 

Total  Tlirwat  -  Vo  lacataor  lactloa  aa  Talvo 


DEVELOPMENT  OF  TWO  PURE  FLUID  TIMERS 
BY 

G«  V.  Lennon  >  Sandia  Corporation 
E*  R.  Phillips  -  UNIVACt  Div*  of  Sperry  Rand  Corp* 


INTRODUCTION 

S«ndl«  Corporation  has  many  applleations  for  tiaart  to  parfom 
varioua  functions.  In  tha  past,  thasa  coaponanta  hava  baan  daslgnad 
using  vhat  ara  now  provan  aachanical  and  alactrical  principlaa,  and 
raliabla  and  satisfactory  tilling  coaponanta  hava  baan  built  on  aach 
of  thasa  and  on  a  co^ination  of  both.  With  tha  introduction  of  pura 
fluid  ayataas,  it  was  fait  that  tha  advantagaa  of  ra liability,  coat, 
accuracy,  package  aiaa  and  insanaitivity  to  anvironaant  should  ba  invaa- 
tlgatad.  Accordingly,  a  aurvay  of  coaponanta  was  aada  and  two  apacifi- 
cationn  for  tiaars  wars  aalactad  as  a  baaia  for  tha  invastigation.  It 
was  hopad  that  tha  davalopaant  of  thasa  tiaara  would  provide  a  practical 
teat  of  tha  applicability  of  pura  fluid  ayataaa  to  tha  whola  faaily  of 
coaponanta  of  intaraat  to  Sandia. 

The  apacificationa  adopted  for  this  davalopaant  called  for  two  tisaira 
of  varying  coaplaxlty.  Tha  first  of  tbaaa  was  aatlaatad  to  ba  produclbla 
froB  praaant  capabllltiaa  in  tha  field  of  pura  fluids,  and  tha  aacood  was 
aatlaatad  to  ba  of  such  coaplaxl^  and  aiaa  as  to  ba  aora  challangiag. 
Ibaaa  datailad  apaoificatloas  ara  as  follows i 

gPKgigAmw 


lypa: 

Conatructloat 


Tiaaa  laquiradt 


Sequential  Tiaar 

Except  for  valvaa,  ragulatora  and 
alactrical  controls,  to  ba  aada  from 
nonaoving,  solid  parts  and  oparatad 
with  fluids. 

7.0  ±  1.0  saeonds 

11.0  t  1.2S  sacoads 

IS  o  ^  2.S  aaeonda 
•  0  saeoaia 
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91  A  2.S  Mcondt 

-  0  Mconds 

o  4>  3.0  MCondt 
*0  Meonda 

A*  MCondt 

-  0  MCondt 

lh«  30-t«eond  contact  autt  alvayo 

provide  a  S^Q-aacond  interval  after 

cloaure  of  the  2S*aeeond  contact. 
Each  tiae  channel  auat  have  an  outpul 

Outputs  The  output  will  be  in  the  fora  of  a 

cloaura  of  noraally  open  contacta  foi 
each  of  the  channelo  apecified. 

Operation:  The  tiaer  ahall  be  capable  of  being 

reaotely  a  tar  ted  throu^  the  cloaure 
of  an  extamal  avitch. 

TIMEE  WQ._2 

Tlaaa  laquired: 

A)  Variable 

lA:  10-59  aeconda  in  1-aeeond 
increawnta . 

XB:  10-59  aeconda  in  1-aecond 
increawnta . 

lA  &  TB  nuat  be  interlocked  ao 
that  TB  cannot  le  aet  to  a 
ahorter  tiaa  ioi»rval  than  the 
TA  netting,  and  thia  netting 
auat  be  capable  of  accompliah- 
■ent  under  field  operation 
conditiona. 

Tolarance:  t  .5  aecond  ♦  IX  of  T  netting 

B)  Fixed 

.20  ±  .10  aecond 
.B2  ±  .17  aecond 


482 


I. 00  t  .25  aecond 


.  ..  t  .37  Mcond 
-  .17  Mcond 

All  oth«r  r«quix«Mnti  for  Tiatr  Mo.  2 
oro  tho  tOM  «•  for  Tlaor  Mo.  1. 

Iho  povor  roqulrod  for  t«ch  of  thtso 
tiatrt  mist  ^  conplotoly  eontainod 
as  a  part  of  tha  tlasr.  It  should  ba 
notsd  that  Biiilaturisatlon  in  waltht 
and  voluaa  will  aaka  thsss  tlasrs  aora 
attractlva  as  coaponants. 

lha  oparatlng  anvironaant  uadar  which  thasa  tlaars  aust  ba  eapabla 
of  oparatlng  Includa  tha  folloiriag  conditions: 


A) 

Teaparaturat 

*65*F  to  160*F. 

B) 

Aabiant  Prassuras 

2.12  to  70  inches  of  asreury 

C) 

Shock: 

Up  to  100  g  with  1.0*ailliseeond  rise 
tlas  in  each  direction  along  each  of 
three  autually  parpandicular  axas. 

D) 

Buaidity: 

lalativa  huaidity  up  to  lOOX. 

B) 

Vibration: 

10*73  eps,  .036*ineh  double  aaplituda 

73*500  cps»  10  g 


500*2000  cps,  5  g 

Each  of  thasa  to  ba  on  three  autually 
parpandicular  axes  with  a  total  fra- 
quancy  tiaa  up  and  down  of  60  ainutas. 

CONTRACT  AWARD  AND  STATUS: 

Aftar  consultation  with  savaral  coapatant  agendas  in  the  field  and 
after  receipt  of  foraal  bids  froa  several  coapanias  tha  developaent  pur* 
chase  order  for  these  two  tiaers  was  granted  to  tha  UNIVAC  Division  of 
Sparry  land  Corporation.  It  was  autually  dacidad  that  tha  davalopaant 
work  would  be  dona  in  three  phases: 

1)  Prototype  Phase  •  in  which  co^>onants  would  ba  built  and 
proven  in  large  scale  aodals  at  room  taaq>aratura. 

2)  Environaantal  Coapansation  Phase  •  in  which  tha  sensitivity 
to  tha  specified  anvironasnts  would  ba  studied  and  suitable 
asthods  of  eoapanaatloa  davalopad. 
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3)  Mlnl«turls«tion  Ph«t«  -  in  which  production  tochniquci 
would  bt  odnptod  or  dovolopod  to  Boot  tho  weight  and 
aiso  apacificationa. 

At  tha  tiaw  of  tha  aubaittal  of  thia  paper  the  prototype  phase  has 
bean  conplatad  and  work  haa  star tad  on  both  the  temperature  compensation 
and  Biniaturixation  phaaaa.  A  prototype  of  TiBar  #I  was  brought  into 
Sandia  Corporation  and  auceassfully  dassonatratad  aeveral  tiaics.  Then 
thia  tiBar  waa  Bodifiad  and  expanded  to  produce  a  prototype  of  Timer  ^2 
which  haa  bean  received  at  Sandia  Corporation.  The  remainder  of  thia 
paper  is  devoted  to  tha  dataila  of  the  prototype  of  Tiaer  #2.  The  logic 
of  prototype  Timer  #1  is  vary  siailar  except  that  no  variable  selection 
of  times  is  provided  and  all  decoding  is  done  in  a  straight  binary  fashion. 

CLOCK 

The  tiae  base  for  thia  pure  fluid  timer  consists  of  a  fluid  oscil¬ 
lator  utilising  RC  feedback.  The  oscillator  providea  the  basic  "clock" 
pulse  to  the  ayaten.  Ihe  pulses  are  introduced  to  the  frequency  divider 
network  to  reduce  the  clock  rate  to  the  basic  frequency  required  by  the 
counter.  This  reduced  frequency  is  applied  to  the  counter  stages  where 
the  desired  time  intervale  are  selected  by  the  decoding  logic.  Each  time 
interval  selected  by  the  logic  circuit  seta  a  fluid  flip-flop  which  in 
turn  operates  a  pressure  sensitive  switch.  The  tiae  from  the  starting  of 
the  oscillator  to  the  closing  of  the  switch  represents  a  complete  cycle  of 
one  time  interval.  The  tiaer  described  contains  six  time  channels  and 
each  channel  operation  results  in  a  switch  closure. 

The  active  element  in  the  clock  consists  of  a  monostable  toggle  action 
fluid  device  with  t%ro  possible  outputs  and  one  signal  input  port.  One  out¬ 
put  (inverter  output)  exists  only  in  the  absence  of  an  input  signal  and  the 
other  output  (amplifier  output)  exists  only  in  the  presence  of  an  input  signal 
This  asq>lifier  output  is  the  active  output  of  the  clock.  A  feedback  signal 
froB  the  inverter  output  is  applied  to  the  signal  input  of  the  device  (see 
Figure  1).  The  wave  form  of  the  feedback  signal  is  altered  by  the  presence 
of  e  resistance -capacitance  network  in  the  feedbeck  line.  The  resistance 
is  simply  an  orifice  and  the  capacitance  is  a  small  chamber.  By  varying 
the  resistance  a  50%  change  in  the  oscillator  frequency  is  possible. 

The  oscillator  frequency  was  chosen  to  be  32  cps  to  reduce  the  size 
of  the  capacitor  which  would  be  necessary.  The  value  of  the  capacitance 
is,  of  course,  determined  by  the  time  constant  (RC)  necessary  and  the  max- 
iauB  fluid  resistance  that  can  be  utilized.  The  upper  limit  of  resistance 
is  dependent  on  the  input  impedance  of  the  amplifiet-inverter  element  eexn- 
prisin’g  the  active  element  in  the  clock.  Thus,  where  Bsximum  packaging 
density  is  required,  RC  circuits  are  feasible  where  the  active  element  ex¬ 
hibits  relatively  high  input  impedance. 

Zt  is  possible  to  employ  sonic  feedback  to  cause  the  active  device 
to  oscillate.  Sonic  feedbeck  is  accomplished  by  merely  feeding  back  part 
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of  the  output  through  «  cinple  pipe  to  the  input  of  the  active  device. 

The  value  of  the  delay  ie  proportional  to  the  length  of  the  pipe  and  the 
square  root  of  the  absolute  tetoperature  of  the  fluid.  This  simple  aethod 
of  obtaining  the  feedback  to  provide  oscillation  has  the  disadvantage  of 
being  difficult  to  afford  temperature  compensation  with  the  present  state 
of  the  art.  The  RC  network  affords  several  variables  which  can  be  adjusted 
to  obtain  a  stable  oscillator  frequency  with  a  varying  gas  temperature. 

Also,  for  the  order  of  magnitude  of  the  delays  required,  a  sonic  delay 
line  le  likely  to  require  more  epees  Chen  the  10  alreulc. 

COUNTER  CIRCUIT 

The  basic  function  of  a  binary  counter  is  to  reduce  the  input  pulse 
rate  by  one  half.  Figiires  2  and  3  show  how  the  binary  numbers  may  be  ob¬ 
tained  by  cascading  binary  counters. 

This  characteristic  of  halving  the  input  frequency  makes  possible 
the  use  of  the  binary  counter  as  a  frequency  divider.  When  it  is  neces¬ 
sary  to  operate  the  clock  at  a  higher  frequency  than  that  required  by  the 
counting  steges,  binary  counters  can  function  to  reduce  the  frequency  to 
that  required.  Binary  Counter  No.  I  of  Figure  2  performs  this  role  in  the 
timer  circuit.  The  only  output  from  this  stege  ie  the  "carry"  pulse  to 
drive  the  following  stage  at  half  the  frequency. 

Several  counter  designs  were  investigated  to  determine  their  particu¬ 
lar  advantages.  After  careful  examination  it  seemed  advisable  to  exclude 
designs  which  required  time  delays  to  avoid  timing  problems.  Associated 
with  tixoe  delays  are  usually  excessive  volume  requirements  and  the  need 
for  temperature  stabilisation.  Therefore,  a  counter  design  was  developed 
which  required  no  delays  at  the  expense  of  somewhat  more  elements.  As  a 
result,  within  the  entire  timer  circuit,  the  effects  of  temperature  changes 
need  be  considered  only  for  the  oscillator  circuit.  Because  of  the  elimi¬ 
nation  of  the  timing  problem,  this  counter  has  no  low  frequency  limit,  re¬ 
quires  no  pulse  shapers,  and  each  counter  stage  within  the  timer  circuit  is 
identical. 

Figure  3  shows  the  logic  diagram  of  a  single  counter  stage.  NOR  gates 
1  and  2  in  Figxire  3  are  interconnected  to  form  a  flip-flop,  as  are  ^X)R  gates 
3  and  4.  Figure  4  simplifies  the  logic  diagram  and  refers  to  the  intercon¬ 
nected  NOR  gates  as  flip-flops.  A  NX)R  gate  is  defined  as  an  inverter  driven 
by  an  OR  gate,  in  this  case  a  4- input  OR  gate. 

Referring  to  Figure  4  if  FF  iO^l  has  simultaneous  positive  signals  to 
both  inputs  output  is  obtained  from  either  output  line.  During  the  time 
the  input  signal  is  applied  no  change  occurs  to  FF  #2.  However,  either  NOR 
gate  S  or  6,  whose  outputs  are  normally  low,  will  produce  a  high  output. 
Which  of  these  gates  turns  on  depends  on  the  state  of  FF  #2.  A  high  signal 
at  output  4  of  FF  #2  as  shown  in  Figure  4  will  produce  a  high  signal  from 
Gate  5.  After  the  removal  of  the  input  pulse  to  FF  #1,  the  condition  of 
gates  S  and  6  will  determine  what  state  FF  #l  will  assusm.  It  can  be  shown 
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that  tha  statt  of  FP  #I  will  change  after  the  removal  of  each  Input  pulse. 
This  change  in  FF  #1  than  changes  Che  state  of  FF  i^2  and  turns  '^FF"  gates 
5  and  6  since  normally  FF's  1  and  2  are  in  opposite  states.  The  normal 
binary  outputs  are  obtained  from  FF  #2. 

In  order  to  provide  a  decade  count  using  binary  counters  it  is  neces¬ 
sary  to  deviate  from  the  standard  binary  counter  circuit.  As  shown  in 
Figure  6,  by  simultaneously  checking  the  state  of  each  of  the  four  counters 
(producing  binary  1,  2,  4(  and  8)  a  count  from  0  to  IS  is  possible.  At  the 
count  of  IS  all  counter  stages  are  in  the  state.  With  the  application 
of  the  16th  pulse,  all  stages  revert  to  Che  zero  or  "OFF"  state.  To  con¬ 
vert  the  four  binary  stages  to  10  count  circuit,  it  is  necessary  to  have 
all  counter  stages  in  the  *V>N"  state  with  the  9th  pulse.  This  can  be  ac- 
coflq>lished  by  turning  on  the  2  and  4  counters  sometime  after  the  count  of 
8.  Prior  to  the  application  of  the  9th  pulse  counters  2,  4,  and  8  must  be 
"ON".  With  the  application  of  the  9th  pulse,  counter  1  turns  "ON".  At 
this  tine  all  four  stages  are  in  the  'V>N"  condition.  With  the  application 
of  Che  lOth  pulse,  all  counter  stages  revert  to  the  "OFF"  condition.  Thus, 
the  counter  is  "cleared"  at  the  count  of  10  and  cycle  begins  counting  again 
from  1  through  10. 

The  2  and  4  counters  can  be  turned  "ON"  by  feeding  back  the  signal  from 
the  8  counter.  For  timing  purposes  the  application  of  the  turn  on  signal 
is  delayed  by  gating  until  Che  count  of  8-1/2  is  reached  (see  Figure  6). 

DECODING  SECTION 

Since  binary  counters  whether  set  to  count  to  10  or  16  produce  only 
the  binary  nusabers  1,  2,  4,  and  8,  combining  of  these  outputs  is  required 
to  obtain  a  discrete  decimal  output.  Since  two  output  channels  of  the 
t laser  can  be  annually  set  from  10  to  59  seconds,  the  decoder  must  be  capable 
of  selecting  any  preset  deciauil  number  from  10  to  59.  It  is  also  necessary 
to  produce  on  other  channels  the  elapsed  times  0.2  ,  0.82,  1.00,  and  1.37 
seconds. 

Decoding  is  essentially  and  "AND"  logic  function.  For  example,  for 
a  binary  counter  producing  1,  2,  4,  and  8,  to  obtain  a  decimal  5  count  the 
binary  1  must  occur  simultaneously  with  the  binary  4.  While  it  is  true 
that  a  1  and  a  4  combination  might  occur  at  higher  counts  (e.  g.,  7),  this 
does  no  harm  in  this  particular  application,  since  the  5  count  must  be  held 
in  a  flip-flop  until  the  end  of  operation  anyway. 

The  "AND"  function  is  accomplished  by  applying  all  "signals"  to  be 
ANDed  to  the  same  NOR  gate.  To  use  the  NOR  gate  to  perform  the  "AND"  func¬ 
tion  requires  signals  which  have  previously  been  inverted  (zero  pressure 
and  flow  indicate  the  presence  of  the  binary  numbers).  The  fact  that  the 
standard  NOR  gate  esq>loyed  in  the  timer  has  a  "fan-in"  and  "fan-out"  of 
four  provides  for  economical  decoding.  Figure  7  shows  the  decoding  for  the 
variable  time  Otannel  A,  capable  of  picking  any  elapsed  time  from  10  to  59 
seconds. 
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OUTPUT  MEHORY 


Th«  result  of  Che  decoding  function  is  Introduced  to  e  fluid  flip- 
flop  whose  function  is  to  teke  the  output  of  the  decoder  which  is  in 
pulse  form  end  to  produce  e  steedy  signel  indiceting  the  completion  of 
the  time  channel  function  end  to  supply  stesdy  fluid  power  to  the  proper 
pressure  switch. 

SELECTOR  SWITCH 

In  order  to  menus lly  select  the  proper  elepsed  time  for  the  two  vsri- 
sble  time  chsnneis,  e  sniltiposicion  selector  switch  wss  designed.  The 
switch  hes  e  duel  dlel,  one  for  selecting  the  unit^  end  the  other  for  tens. 
The  switch  pecksge  incorporates  e  "dial"  read-out  which  indicates  the  time 
selected  in  decimal  notation. 

Each  switch  element  is  a  sliding  metal  plate  with  through  holes.  The 
location  of  the  holes  on  the  slider  plate  determines  which  binary  counters 
are  to  be  connected  to  the  decoding  "NOR"  gates.  With  reference  to  Figure 
7  the  illder  when  eclceting  the  decimal  unit  3  will  connect  to  the  decoder, 
the  binary  counter  outputs  1  and  2.  Since  the  negative  or  sero  signal  con¬ 
tains  the  binary  infonaation,  when  simultaneously  sero  signals  are  obtained 
from  both  counters,  the  "AND"  function  is  perforamd.  Since  the  slider 
plate  is  blocking  the  binary  4  end  8  these  values  will  already  be  sero  to 
the  decoding  "NOR"  gates.  The  tens  are  selected  by  the  second  slider  plate 
in  the  switch  assembly.  Figure  8  shows  the  logic  diagram  for  the  timer 
showing  the  complete  decoding  section  including  the  Mnual  selector  switches, 
output  memories,  flip-flops  and  pressure  switches. 

CONCLUSION 


The  prototype  of  Timer  #2  contains  100  identical  NOR  gates  plus  one 
monostable  toggle  device  in  the  clock  (Timer  #1  contained  84  NOR  gates  plus 
the  clock).  Both  timers  worked  Immediately  upon  assembly  (except  for  one 
minor  logic  error  in  the  first  one)  and  required  no  timing  or  adjustments 
of  any  kind.  This  demonstrates  that  with  a  truly  reliable  element  having 
adequate  fan-in  and  fan-out  characteristics  very  complex  logic  networks 
can  be  designed  and  built  with  case  using  pure  fluid  devices.  The  elements 
used  in  the  timers  were  produced  by  a  casting  technique  and  were  lOOX 
tested  before  assembly. 

It  is  expected  thee  ell  final  specifications  for  both  of  these  timers 
will  be  met  during  this  development  contract  and  thee  the  designs  produced 
therefrom  will  be  e  significant  contribution  to  the  field  of  pure  fluid 
systemd  in  timing. 
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